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PREFACE. 



This little volume was prepared for the use of stu- 
dents of thermodynamics, and therefore I have en- 
deavored to bring together in logical order certain 
information concerning the construction, interpreta- 
tion, and applications to engineering problems of the 
temperature-entropy diagram, which otherwise would 
not be readily available for them, as such information 
is scattered throughout various treatises. The book is 
not intended for the advanced student, as he is already 
familiar with its contents, neither is it expected that 
one entirely ignorant of thermodynamics can use it to 
advantage, as the reader is assumed to have an ele- 
mentary knowledge of the fundamental theory and 
equations. An exhaustive treatment has not been 
OQp,ttempted, but it is believed that the graphical presen- 
Ifjtation here given will aid the student to a clearer 
l/Jcomprehension of the fundamental principles of thermo- 
^dynamics and make it possible for him to read under- 
p^standingly more pretentious works. 
©Q Charles W. Berry. 

Massachusbtts Institute op Technology, 
January, 1905. 
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INTRODUCTION. 



It seems necessary in a book dealing with the appli- 
cation of the temperature-entropy diagram to disciiss 
briefly that ''ghostly quantity," entropy, although I 
do not intend to give any new definition of a fimction 
already too variously defined, but rather to pick out 
such of the present ones as are correct. 

One has but to plot an irreversible adiabatic process 
in the temperatm-e-entropy plane to realize once and 
for all that the entropy does not necessarily remain 
constant along an adiabatic line. In fact isentropic 
and adiabatic changes coincide only when the latter 
process is reversible: and such a change practically 
never occm-s in nature. For example, in one irrevers- 
ible adiabatic expansion representing the flow through 
a non-conducting porous plug, the heat added is zero, 

SO that / -^ = 0, but nevertheless the entropy of 

the substance increases. It is even possible to imagine 
an irreversible process which is at the same time isen- 
tropic. Suppose a gas to ex^pandi NJkxwi'^ ^ ^^^'uik^ 
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viii INTRODUCTION, 

losing heat by radiation and conduction and also 
undergoing friction losses whereby part of its kinetic 
energy is dissipated and restored to the gas as heat. 
The loss of heat by radiation and conduction will re- 
duce the entropy of the gas, while the gain of heat by 
friction will increase it. It is possible to consider 
these two opposing influences as equal, and then the 
flow will be isentropic although not adiabatic. 

The entropy of a substance, just as much as its 
intrinsic energy, specific volume, specific pressure, or 
temperature, has a definite value for each position of 
the state point upon the characteristic surface, and 
the increase in the value of the entropy in changing 
from one point to another is a definite quantity regard- 
less of the path chosen. The magnitude of this increase 

-^, taken along any reversible path 

between these points. This fact has led to the inexact 

definition of change of entropy, d^=^-pp, a definition 

true only for ideal reversible processes and hence 
utterly wrong when applied to actual irreversible pro- 
cesses, as in general d(f>>-fj^. 

Since for reversible cycles d0 = -^, it follows that 

the heat added during any reversible change is equal 

^o 0=/ Td(/>j and for an isottveimtiX \!ito^^^ 
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Q = T{^2-^i)- This is undoubtedly the basis for all 
the physical analogies attempting to explain entropy 
as heat-weight, etc., and also for the name ''heat 
diagram" applied to the temperature-entropy diagram. 
The area under a curve in the T^-plane is equal to 
the heat received from, or rejected to, some outside 
body only when the process is reversible. 

Similarly if the specific pressure and specific volume 
of a gas could be ascertained at various points in its 
passage through a porous plug, these points if plotted 
would form a pv-curve giving a true history of the 
movement of the state point, but the area under the 
curve would not represent work, as no external work 
has been performed. 

Preston in his Theory of Heat says: ''The entropy 
of a body being taken arbitrarily as zero in some stand- 
ard condition A, defined by some standard temperature 
and pressure (or volume), the entropy in any other 

-yjn taken along any reversible 

path by which the body may be brought to B from the 
standard state A. The path may obviously be an arc 
AG of an isothermal line passing through the point 
defining the standard state, together with the arc BC of 
the adiabatic line passing through B. The entropy in 
the state B may consequently be measured thus. Let 
the volume be changed adiabatically '' (reversible . 
process) ^^ until the standard tempet^XM^^ T \^ ^XXsieasS^^ 
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and then change the vohime isothermally until the 
standard pressure is attained. If the quantity of heat 




imparted during the latter operation be Q, the entropy 

Q 
in the state fi is <jS = ^ 

'' In this operation the temperature and pressure are 
supposed uniform throughout the body. ... If, how- 
ever, any body be subject to operations which produce 
inequalities of temperature in the mass, there will 
be a transference of heat from the warmer to the colder 
parts by conduction and radiation, and although the 
body may neither receive heat from nor give it out to 
other bodies (so that the transformation is adiabatic 
throughout), yet on account of the inequalities of tem- 
perature, the entropy of the mass will increase, . . . 
and under these circumstances the transformation will 
not be isentropic." 

Swinburne in his Entropy says: ''Entropy may be 

defined thus: Increase of entropy is a quantity which, 

wAe/2 multiplied by the lowest available X^m^^T^uXxa^, 
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gives the incurred waste. In other words, the mcrease of 
entropy multiplied by the lowest temperature available 
gives the energy that either has been already irrevocably 
degraded into heat during the change in question, or 
must, at least, be degraded into heat in bringing the 
working substance back to the standard state. . . . 

"Thus the entropy of the body in state B is not a 
function of the heat actually taken in dining its change 
from il to B, as the change must have been partially, 
and may have been wholly, irreversible; but it can be 
measured as a function of the heat which would have 
to be taken in to change from A to B reversibly, or 
which would have to be given out if the substance were 
changed from B U) A reversibly, which amounts to 
the same thing. . . . 

"The entropy of a body therefore depends only on the 
state, and not on its past history." 

Planck in his Treatise on Thermodynamics writes 
(see English translation by Ogg): 

"A process which can in no way be completely 
reversed is termed irreversible, all other processes re- 
versible. That a process may be irreversible, it is not 
sufficient that it cannot be directly reversed. This 
is the case with many mechanical processes which are 
not irreversible. The full requirement is, that it be 
impossible, even with the assistance of all agents in 
nature, to restore everywhere the exact imtv^l ^t^te i 
when the process lias onc^ t^keii ^\ae.^. , . .^XN\^ ^\Nr 




eration of heat by friction^ the expansion of a gas 
without the performance of external work, and the 
absorption of external heat, the conduction of heat, 
etc., are irreversible processes, 

*' Since there exists in nature no process entirely 
free from friction or heat-conductioUj all processes 
which actually take place in nature, if the second 
law be correct, are in reality irreversible; reversible 
processes form only an ideal limiting case. They are, 
however, of considerable importance for theoretical 
demonstration and for application to states of equilib- 
rium. 

*^If a homogeneous body be taken through a seriss 
of atates of equtUhrium^ that follow comimuoudy from 
one another J back to its initial sUttSj then the summation 

of the diiferential ■ — ^p ' extending aver all the states 

of that process gives the valne zero. It follows that, if 
the process be not continued until the initial state^ 1, 
is again reached, but be stopped at a certain state, 2, 

the value of the summation / — — J ■ depends 

only on the states 1 and 2, not on the maimer of the 
transformation from state 1 to state 2, . . . 

'^The (above) integral . , . has been called by 
Clausius the entropy of the body in state 2, referred 
to stBte 1 as the zero state. The entropy of a body in 
-« ^Iren state^ like the internal energy, Hs eoTx^o^X^X^-^ 
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determined up to an additive constant, whose value 
depends on the zero state. 

^^It is impossible in any way to diminish the entropy 
of a system of bodies without thereby leaving behind 
changes in other bodies. If, therefore, a system of 
bodies has changed its state in a physical or chemical 
way, without leaving any change in bodies not belong- 
ing to the system, then the entropy in the final state 
is greater than, or, in the limit, equal to the entropy 
in the initial state. The limiting case corresponds to 
reversible, all others to irreversible, processes. 

''The restriction . . . that no changes must remain 
in bodies outside the system is easily dispensed with by 
including in the system all bodies that may be affected 
in any way by the process considered. The proposition 
then becomes: 

'^ Every physical or chemical process in nature takes 
place in such a way as to increase the sum of the entropies 
of all the bodies taking any part in the process. In the 
limit, i.e. for reversible processes, the sum of the entropies 
remains unchanged. This is the most general state- 
ment of the second law of Thermodynamics." 



SYMBOLS USED IN THE FOLLOWING PAGES, 



A =«j =Heat equivalent of a unit of work. 

A'pu =Heat equivalent of the external work of vaporization. 

c = General expression for the specific heat during any change. 
Cp= Specific heat at constant pressure. 
<f = Specific heat at constant volume. 
E= Internal (intrinsic) energy in work units =/S+/. 

ij = Thermal efficiency of an engine. 
F=Area (Flache), 
G=Weight (GemcM). 

gr= Acceleration due to gravity. 
H^Total heat above some arbitrary zero, =q, g+ar, X, 

X+Cpits-t). 

h = Specific heat of dry saturated vapor. 

/= Internal energy due to separation of molecules. 

X =— for a perfect gas. 

X = Total heat of dry saturated vapor ^g+r. 

n = Exponent of the polytropic change pv^ =c. 

p = Specific pressure. 

^= General expression for entropy. 

0=Heat received from or exhausted to some outside body. 

^=Heat of the liquid. 

pv 
/2 = yr, for a perfect gas. 

r=Total latent heat of vaporization = p ^ Apu. 



r 



SYMBOLS USED IN THE FOLLOWING PAGES. 

P= Internal latent heat of vaporization. 

r 

rn = Entropy of vaporization. 

5 = Internal energy due to vibration of molecules. 

5 = Specific volume of a dry saturated vapor. 

<T= Specific volume of a liquid. 

7^= Temperature in degrees absolute, Fahrenheit or Centi 

grade. 
^= Temperature in degrees Fahrenheit or Centigrade. 
ta = Temperature of superheated vapor. 

~T' 
w= Increase of volume due to vaporization =s — tf. 

V = General value of specific volume = a, xu + <j, s, etc 

V = Velocity in linear imits per second. 

nT" = Kinetic energy of a jet in work imits. 

W = Work performed by or upon a substance. 
X = Quality of a unit weight of a mixture of a liquid and its 
vapor. 



THE TEMPERATURE-ENTROPY 
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CHAPTER I. 

GENERAL DISCUSSION. REVERSIBLE PROCESSES AND 
CYCLES. 

The condition of a substance is in general completely 
defined by any two of its five characteristic properties, 
specific pressure, specific volume, absolute temperature, 
intrinsic energy, and entropy. The relations existing 
between any three of these qualities being expressed 
by the formula z=f(x, y). Exceptions to this occur 
in the case of saturated vapors, where specific pressure 
and temperature alone do not suffice to define com- 
pletely the state of the body, and in the case of per- 
fect gases, where isodynamic and isothermal changes 
coincide. 

In the analjrtical solution of thermodjmamic problems 
those formula? are used which contain the properties 
most important for the investigation in hand, d 
Similarly in graphical solutions aiv:^ ^^vc ^"v ^2wKt^j^\et- 
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is tics may be used as coordinates as convenient and 
then the curves, y^fix)^ expressing the relations 
between the various characteristics drawn in tliis 
xy-plsjie, assume different forms according to the 
laws of variation of the five variables p, v^ tj Bj and 0. 

The pressure-volume diagram, or pi>-diagram, is the 
one most widely used, as its coordinates are those 
common to every-day experience, but for some investi- 
gations of heat-transference, changes of temperatm'e, 
changes of entropyj etc., the temperature-entropy 
diagramj or the r^-diagranij lends more ready assist- 
ance. 

As a consequence of the fundamental relation 
2=/(^, y)j any curve p=fiiv) in the pi'-plane has its 
counterpart i^^/sCr) in the T^-plane; both being but 
special projections of the same change on the charac- 
teristic surface. 

In the followmg a discussion wiU be given of the 
different forms assumed by the curve <f>=f(t)f in the 
case of perfect gases^ saturated steam, and superheated 
steam under the conditions of constant temperature, 
constant entropy, constant pressure, constant volume, 
constant intrinsic energy, etc.^ and also a considera- 
tion of the interpretation to be given to the areas 
included between any given curve and the axis, together 
with certain other interesting details. 

If 0^ and OT (Fig. 1) represent the axis of entropy 
^^d t^mperRture respectively, any isolVeimsuY qWtv^^^, 
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as at the temperature ^2> will be represented by a hori- 
zontal line ah, and similarly any isentropic change 
(or adiabatic in the case of a reversible process) will 
be represented by a vertical line, as cd. The forms of 
the curves for constant pressure, etc., will vary with 




Fig. 1. 

the state of the substance and will be investigated 
for each special case. 

Let AB represent any reversible process and let c 
be the specific heat of the substance during this change. 
In order to increase the temperature of a unit weight 
of the substance by the amount dt there will be necessary 
the expenditure of the heat dQ=cdL But for a re- 
versible cycle there exists the further relation dKJy^-^f 
or dQ = Td^, and therefore 



or 



dQ^cdt^Td<f>, 



<5^ 
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Now / Tdj> repr^ents the area included between 

the curve AB and its projection upon the <^-axis. 
Hence the heat necessary to produce any reirersible change 
is reprei^enied by the area under the curve in the T^fi-plaiie, 
The differential form of equation (1) leads at once 
to the expression ' 



c^T 



dt' 



m 



At any point n of the curve AB draw the tangent ' 
nm and construct the infinitesimal triangle did^y* 
Then from similar triangles 



or 



mr : T ^d4> : dlj 
mr^T^^e; 



i.e., if from any point in a curve representing a 
versible process a tangent be drawn, the length of 1 
subtangent on the ^axis represents the momentary ' 
value of the specific heat for that change. 

In Fig. 2 (A) let AmBnA represent a reversible cycle 
in which AmB is the forward stroke and the area 
aAmBb represents the heat received from external 
sources, and where BnA is the return stroke and the 
area aAnBb represents the heat rejected. On the 
eompletion of the cycle the intrinsic energy has regained , 
/^ mUial value and therefore the dffiereTace \^t'^^T3 
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the heat received and the heat rejected, i.e., the magni- 
tude of the enclosed area AmBnA, must represent the 
amount of heat changed into work. 

Camot Cycle. — ^In the case of the Camot engine this 
choice of coordinates leads to a beautiful simplicity. 
The cycle Fig. 2 (B) becomes a rectangle consisting 





Fig. 2. 



of (1) the isothermal expansion cd, during which is 
received the heat Qi= / T^ d(f>^Tyl^<f>2—4>i)i repre- 

sented by the total rectangle ^^cd^2) (2) the adiabatic 
line de) (3) the isothermal compression during which 

is rejected the heat ^2= / T^^^^"^ 2{4>2—<l>i)j repre- 

sented by (f>Je^2\ aiid (4) the adiabatic compres- 
sion /c. The heat changed into work is Qi— Q2 = 
r,(<^2-0i)-r2(<^2-<^i) = (ri-n)(^2-<^i). The effi. 

ciency, i^ = — p^ — , is simply the ratio of the rectangles { 

cdef and <f>icd<f>2f and as these Viave \Jafe ^ass^fcX^'^afc^'^icfe 
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SLVens are proportional to the altitudes and at once 
the efficiency becomes ij — --^»^— ^^ 

Isodiabatlc Cycles. — In deducing the equation 

dQ 
d^ = -rtT for reversible cycles, use is made of the Camot 

cycle and it is shown that no other cycle can have a 
greater efficiency. There are, however, a number of 
other cycles having the same efficiency as the Camot 
within the same range of temperature. 
In Fig. 3j let the reversible cycle abed be formed by 
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the two isothermals ab and cd and of the two curv^es 
he and da. The curve be is arbitrary, but da is drawn 

like it, being simply displaced to the left. The heat 
turned into work during the cycle is abed, or equal to 
that of the equivalent Carnot cycle abefj but the heat 
BuppUed is d'daa^ i-a'abb\ or is greater than that needed 
to perform the same work with the Carnot cycle by 
/Jje mnoimt d^daa^. Now^ the heat reiected from b to d 
consists of the two pai'ts, cdd'c\ wbid\ paaie^ \m X^sa 
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refrigerator at the lowest temperature T, and is of 
necessity lost, and bbVc, which is rejected during a 
dropping temperature and which is strictly equal to 
the heat required to carry out the reverse operation da. 
Instead of being wasted, the heat rejected along be 
might be stored up and returned to the fluid along da, 
thus making no further demands upon the source of 
heat. In this manner the one operation would balance 
the other and the heat actually required from an 
external source would be represented by a^abV, as in 
the Camot cycle. The heat actually rejected would 
also be represented by d'cfcc', equal to a^feb', as in the 
Camot cycle. Thus the adiabatic lines of the Carnot 
cycle would be replaced by two lines be and da, along 
which the interchanges of heat are compensated. The 
efficiency of such isodiabatie cycles would thus be equal 
to that of the Carnot cycle. 

The operations along the lines be and da may be 
imagined as follows. Heat only flows spontaneously 
from one body to another at a lower temperatiu-e. 
Thus the heat given up along be can be stored and 
utilized to efifect the operation da, if the process be 
subdivided into very small differences of temperatiu-e 
and each portion of the heat rejected at the momentary 
temperatiu'e. Thus the heat rejected along be between 
the temperatures T-\-dT and T (Fig. 3) is returned 
along a portion of da at the same temperature. 

The di&cvlty is to find a pxaeWe,^ x^^^Nset^^^ ^k 
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perform this duty. It must have large heat-conducting 
surfaces, and consist of a number of eubdivisious at 
all temperatures between T^ and T^j and there must 
be no conduction of heat froin any part to the next at 
lower temperature. To accomplish the operation along 
6Cj the working fluid passes successively through these 
divisions and deposits in each a part of its heat. Dur- 
ing the process da the fluid passes again through the 
divisions but in a reverse direction, from the coldest 
to the hottest. This ideal process can only be roughly 
realized as the regenerator has a limited conductibihty, 
permits the flow of heat between adjacent sections, 
and can only store up heat if the fluid is much hotter 
and refund it if the fluid is much colder than itself. 
Therefore only the upper portion of the line 6c can 
actually be utilized to refund heat gratuitously along 
the lower portion of da. Hence in practice it should 
be possible to obtain a higher efficiency with an engine 
working on the Camot cycle, because those working 
on the isodiabatic cycle have the added losses of the 
regenerator. But theoretical efficiency is only one 
of several factors entering into the design of an actual 
engine and may be more than balanced by the increased 
size, cost, strength, etc., required to attain it. 

Reversible Cycles Less Efficient than the Camot Cycle. 
— In Fig, 4 let AmB represent that part of a reversible 
cycle during which the maximum temperatm^e t^ is 
r^^Mched unci the beat aAmEb is received horn t'^le^rrL^ 
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sources, and let BnA represent the return stroke during 
which the heat rejected is equal to aAnBb and the 
lowest temperature equal to ^2- A. Carnot cycle for 
the same limits of temperature would give the efficiency 

7) = --^. Any deviation of the expansion line AmB 

from the isothermal qmr diminishes both the numerator 
and denominator of tq by the same quantity, viz., the 
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areas Aqm and mrB, and hence the efficiency will be 
less. Further, any deviation of the compression line 
BnA from the lower isothermal snu will descrease the 
numerator and increase the denominator of rj, thus 
producing a still further decrease in the efficiency. 
Therefore in working between any two temperatures the 
highest possible efficiency will not be attained unless all 
the heat received is taken in at the upper temperature, 
and all the heat rejected is given out at the lower tem- 
perature. The only exception to this is in the case 
of the isodiabatic cyclQQ already coi\a\^^T^^. 



CHAPTER n. 



THE TEMPERATURE-ENTROPY DIAGRAM FOR 
PERFECT GASES. 

The fundamental heat equations for a perfect gas are 
dQ=c,d<+(c,-c„)r^, 



dQ^c^-(c,-c,)T^, 



. . (3) 



and * Cp-c^^AR, (4) 

which for reversible processes give three different expres- 
sions for entropy: 

T V 

^2-^i = c„log,^ + (c^-cJlog~, 

T V 

<f>2-<f>l = Cp loge TfT-iCp-C^) log,^', j . . (5) 
-* 1 Pi 

<^2-<^l = C„l0g,-2+C^l0geA 
Pi '^l 



The curves for constant volume and constant pressure, 
respectively, in the T^-diagram become 



r 



#3-^i=c„log,2r 



(6) 



\^ 
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T 

and ^3--^i=c^log,^ (7) 

If p=f(y) be the pv-projection of any curve on the 
characteristic surface pv^RT; to find the T^-projec- 
tion of the same curve it is only necessary to find 

— =/,(0 or ^=/2(0 from the above equations and to 
'^1 Pi 

substitute them in the first and second forms, respec- 
tively, of equations (5). 

The most general form of p=f{v) with which the 
engineer is concerned is that of an indicator card, 

namely, 

?>^ = PA** = a constant, .... (8) 

where the exponent is determined from any two points 
by means of the formula 

^^_ ^ogPi-logP2 
log ^2- log V 

The respective projections of equation (8) on the 
Tv' and Tp-planes, as found by combination with the 
characteristic equation, are 

rii;~-^ = r2V2^-^ = a constant ... (9) 

l-n 1-n 

and TiPi n =T2P2 " = a constant, . . (10) 

whence it follows that 
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The substitution of equations (11) in the corresponding 
forms of equations (5) gives 

1 

or 

n 
m /rji \ i3^ 

<l>2-<f>i=Cj,log,jr-(Cf-c,) log.(^jrj 

Equations (8), (9), (10), and (12) represent simply 
different projections of the same curve on the charac- 
teristic surface upon different planes. 
From equation (2), for perfect gases, 

d^=Cy, or 4>2'-^x = c\og,Y' • • (13) 

Comparison of equations (12) and (13) shows that the 
specific heat for the general expansion TpiV^ = j)2V^ is 

c-c.-^: (H) 

i.e., the specific heat of any expansion of a perfect gas, 
jyv^= constant, can be expressed as a function of the 
spedjic heat at constant volume, the ratio of Cp and c,, and 
//^ e:vponenl n of the expansion. 
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Let us consider equations (8), (12), and (14) for 
the following special cases: 

(1) For r = const., pi;= 727 = constant, and n = l. 

1 —K 
Equation (14) becomes c = c^- .. _., = oo; i.e., for 

an isothermal change the heat capacity of the substance 
is infinite; that is to say, no matter how much heat is 
added the temperature will not change. 

Equation (12) becomes <l>2-^i = ^'0; that is, the 
value of <j> may undergo any change whatever and the 
r^-curve simply becomes 7 = const. 

(2) For ^ = constant, equation (12) gives n=K, 

K —K 
and equation (14) becomes c = c^ ^_i ==0; i.e., for an 

isentropic change the heat capacity of the substance 
is nil; that is to say, the temperature of the substance 
can be increased or diminished without the addition 
or subtraction of heat as heat. Equation (8) becomes 
2w^= constant. 

(3) For p = constant, equation (8) becomes Vi^^vj^, 
hence n equals zero. 

From (14) c=c^7r3Y-=c^— =c^, and equation (12) 

T 

becomes i>2-<f>i^(^p^og^-^, as already found in equa- 
tion (7). 

(4) For t?= constant, the only value of n which will 
satisfy PiVj^=P2^i' is n=oo; so that equation. (8"! 

becomes z'= constant. 
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I 



Equation (14) gives c^c^- T^^vf whence from 



equation (12) ^3-^i = c^ log^ m i as previously found in 

equation (6). 

We are now in a position to transfer any curve from 
the pi^-p]ane to the T^plane as soon as we know the 
value of €^, for the given gas. 

In Fig. 5 let abed represent a cycle consisting of two 




Fig. 5. 



1^1 V 



l- curves of constEtnt volume and two of constant pres- 
sure indicated by a rectangle in the ptJ-plane. In the 
r^-plane start with the value of the entropy at o as the 
zero-point. The curv^e ab will be of the nature shown, 
becoming steeper as T increases because the subtangent 
at any point represents the value of c^ and this is a 
constant for perfect gases. Arriving at b, the curve 
of constant pressure will assume some such position as 
shown, h€ wJU not be as steep as ofc at the point of 
iGtei:section becBuse Cp>c^^ i.e. ttie sxib^aTi^enV q\ \z 
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is greater than the subtangent of ab. Two similar 
curves cd and da complete the cycle. 
All possible variations of the curves pi;^ = constant, 

or <f>2 — ^i = c^ i-logeTyT, are summarized in the fol- 

lowing table and diagrams: 



jnM!oordiiiates. 


r^oordinates. 


n 


Form of the Curve. 


:'0, 


Form of the Curve. 



0<n<l 

1 
l<n<A: 

K 
K<n<oo 

X 


p» constant 

jTvn -"Constant 

pv » constant (isothermal) 

pvn» constant 

pv^ »= constant (isentropio ) 

pvn= constant 

V— constant 


00 

jNega- 

1 tive 




j T and ^ increaje or de- 
1 crease together 

7' = constant * 
j T increasing and <f> deer' sing 
1 7 decreasing and <j> incr'sing 

^» constant 
j T and <f> increase or de- 
( crease together 



* During an isothermal change of a perfect gas all the heat added performs 
external work, hence in the diagrams the isodynamic lines are superimposed 
upon the isothermals. 
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Fig. 6. 



CHAPTEK m. 

THE TEMPERATITRE-ENTROPY DIAGRAM FOR 
SATURATED STEAM. 

Ddib to the very slight variations in the volume of ^ 
water with increaaiiig temperature the heat equiva 
lent of the external work is very small, and the differ- 
ence between the work performed under atmospheric 
pressure and that which would be performed under a 
pressure increasing with the temperature according 
to Regnault's pressure-temperature curve is negli- 
gible compared with the heat required to increase the 
temperature. Hence the value of the specific heat 
c = f{t) as determined by Rowland is taken as equiva- 
lent to that of the actual specific heat required for the 
transformation occurring when feed-water is heated in 
a boiler. Similar statements hold for other fluids. 

Therefore the heat required to increase the tem- 
perature of a pound of liquid by the amount dt while 
the pressure increases by dp is taken as 



dq = cdt^ 



(15) 



\& 
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whence q^ = Jj^cdt (16) 

and ^'-^'^ft^Y ^'^^ 

To make the temperature-entropy chart conform 
to the tables for steam and other saturated vapors, 
we will plot the increase of entropy and intrinsic 
energy and the heat added above that of the liquid 
at freezing-point. Hence for water the zero of the 
entropy scale will be at 32° F. Fiu'thermore the chart 
will be constructed for one poimd of water. 

Point a in Fig. 7 represents the position of a pound 
of water at 32° F. on the T^-chart. Starting from 
here and plotting values of 6 and T from the equation 



= / ^, . . . . ^ . (18) 



e 



as given in the steam-tables, we obtain the ''water- 
line " ah. At any temperature t the value of the specific 
heat c is shown by the subtangent gf. Further, as we 
proved in the general case of equation (1), the area 
under the curve aejO represents the heat of the liquid, 
g; that is, the number of heat-imits required to warm up 
the water from 32° F. to the temperature L This 
'' water-line '' is the same kind of a curve as that repre- 
sented by equation (12) for perfect ^SlS.^^, ^^<i^^\» "^Ssx^ 



18 



THE TEMPERATURE-ENTROPY DIAGRAM. 



the specific heat of a gas is a constant, while that of 
water is a function of the temperatm^e. 

If at t the water has reached the temperatiu'e corre- 
sponding to the boiler pressure any further increase 
of heat will cause the water to vaporize under con- 
stant pressiu-e and thus there will be an increase of 
entropy at constant temperatiu'e. This will be repre- 
sented on the chart by the horizonjtal line ed, and 
will continue until all the water is vaporized and a 




9 o 



m ^ 



Fig. 7. 



condition of dry-saturated steam reached. During 
this change the increase of entropy will be 

r^dO 1 Z*^ r 



that is, the length of the line ed may be found by taking 
the latent heat of vaporization r and dividing by the 
absolute temperature corresponding to t. 
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The area under the curve ed represents the heat 
added during vaporization or r. 

The area under the curve aed therefore represents 
all the heat necessary to be added to a pound of water 
at 32® F. to change it in a boiler into dry steam at 
the temperatiu'e t, or area Oaedm^X = q+r, 

Similarly the location of the ''dry-steam" point may 
be found for any number of temperatures, thus giving 
the location of the dry-steam line or satiu'ation curve. 

In the area between the water-line and the dry- 
steam line i], or the region of vapor in contact with 
its liquid, lie all the values given in the steam-tables; to 
the right of the dry-steam curve lies the region of 
superheated steam. 

Having given the chart with the "water-line" and 
''dry-steam" line located, and knowing the temperatiu'e 
t of the steam, it is simply necessary to draw the hori- 
zontal line ed and drop the two perpendiculars ef and 
dm and the tangent eg; then the diagram gives at once 

q^r, A,0,yr,r,andc. 

Let e in Fig. 8 represent the state point of a pound 
of water in a boiler under the pressure p corresponding to 
the temperature t. As heat is applied part of the 
water vaporizes and the state point moves toward d. 
At any point as ilf , the area imder eM represents the 
heat ateady added, while the Temamm%^^x\»,>MA^^ldl^^ 
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represents the heat, which must be added to complete 
the vaporization. That is, for the complete change from 
water to dry steam the state point travels the distance 
ed, and to vaporize one half it would travel one half 
the distance, etc. Then if M represents the momentary 
position of the state point, the ratio eM-^ed will repre- 
sent the fractional part of the water abeady vaporized; 




that is, the dryness of the mixtiu'e, x, is given by 



x = 



eM 
ed' 



(20) 



Hence if the line ed is divided into any convenient 
number of equal parts (say 10) the value x can be read 
directly from the chart as soon as the position of the 
state point M is known. In Fig. 8, for example, 
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Furthermore, the value of the entropy at ilf is repre- 
sented by that of the liquid at e and the xth part of 
the entropy of vaporization, or 

and the total heat at M equals the heat of the liquid 
plus the xth part of the heat of vaporization, or 

and is represented by the area OaeMN. 

T 

In a similar way the distance -^ for several tem- 
peratures can be divided into the same number of 
equal parts, and then if all these corresponding points 
are connected by smooth curves, each curve will repre- 
sent a change during which the fractional part of the 
water vaporized is constant. These are known as the 
x-curves. 

In place of having separate scales of pressiu-e and 
temperature for the ordinates of the T^iagram, 
it is often convenient to take the values of p and t from 
the steam-tables and to plot Regnault's pressure- 
temperature curve in the second quadrant, as shown in 
Fig. 9. 

Then given any pressure pi the corresponding tem- 
perature 4 may be found as mdieaXfe^ ot xjv^fc •xi«t^^. 
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Let pi be the pressure and x^ the dryness fraction 
of a pound of mixture, then on the chart its condi- 




FiG. 9. 



tion will be indicated by the point 1. Its volume may 
/?e found from the steam-tables by use of the formula 
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To find the location of the state point 3 at any other 
pressure pa, so that ^3=^1, proceed as follows: 

Draw the axis of volume opposite to that of tem- 
perature and lay off along Ov the distance Oa equal 
to the volume of one pound of water. The variations 
of a with t may be neglected and a set equal to 0.016 

T 

cubic feet. Draw aa. Project di and d^ +^ on the 

0-axis, and from the latter point lay off the distance 
msi equal to the volume of one pound of saturated 
steam as given in the steam-table for ti^. Prolong the 
perpendicular from 0^ until it intersects aa at a^. Con- 
nect this last point with s^. This line aiSi shows the 
increase of the volume and the entropy during vapori- 
zation. Project Xi upon 00 and continue until it 
intersects the v^urve at c. Then 6c = x^Ui and ac = XjU^ 
+ai=Vi. Through c draw yy parallel to 00. For any 
pressure pj draw the corresponding v0-curve a^^sj and 
where this intersects yy the volume will be v^=Vi=x^Ui 
+a. Projected up this intersects the isothermal t^ 
in 3, giving the desired dryness fraction Xg. Points 1 
and 3 have the same volimie v^. Other points, as 
2, etc., may be found and connected with a smooth 
curve. This will intersect the dry-steam line at some 
point So=^i- I^ this manner similar constant vol- 
ume curves can be constructed to cover the entire 
diagram. 
Suppose it is required to ftad \Xv^ \nk^ \sfc^^^^^^ 
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to cause a change from some point L to an adjacent 
point L +dL. (See Fig. 10.) 



, ^ xr fcdt xr 
j.cdtx. r . xr - 



xr 



dQ=cdt+xdr +rdx —fpdt-i-icxdt —cxdt) 

I r dr\ 
=c(l-a:)cK+rdx+x(c-y+-^)(ft. . . (21) 

To interpret the last term imagine this change to 
occur along the dry-steam line. Then a: = l and 
dx = 0, whence 

dQ = lc-^+^dt{ = Td<t>) . . . (21a) 

The comparison of this with equation (2) shows that 

T dv 
c — :^+^ is the ''specific heat" of dry-saturated steam, 

r dr 
or T^'di ^^^^ 

The diagram shows at once that h is negative, i.e. 
to move along the dry-steam line with increasing tem- 
perature heat must be rejected. 

Ether has a positive value for h. This signifies that 
the saturated-vapor line for ether slants to the right 
Instead of to the left 
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Him found that steam condensed upon adiabatic 
expansion and Cazin that it did not condense upon 
compression. The reason for this is at once clear from 
Fig. 10. Expanding from a the reversible adiabatic 




Water 



Ether 



Fig. 10. 



line for water cuts successively ' ' x-lines '' of decreasing 
value, showing condensation. Compressed adiabatic- 
ally from a the steam would at once become super- 
heated. Exactly the reverse occurs with ether, con- 
densation occurring during adiabatic compression, super- 
heating during expansion. 

If water is permitted to expand adiabatically from 
h it is partially vaporized, as shown by the adiabatic 
line cutting increasing values of x. Similarly if very 
wet steam is compressed il condeusfe'^. 
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An inspection of the aj-ciirves near the value x=0.5 
ghowB that they change from convex to concave and 
that it is thus possible with water for the reversible 
adiabatic to cut an x-curve twice at different tempera- 
tures, as at c and d; i.e., it is possible at the end of an 
isentropic expansion to have the same value of x as at 
the beginning. Thus 



3:,r, 



x,u 



^1 = 0B=^1+ -y^ =^2 + Y" 



or X. ^ 



0.-8, 






(23) 



1± 



Consequently there must exist some adiabatic which 
is tangent to this x-curve. Above the point of tan- 
gency the x-cun^e slants to the right and possesses a 
positive specific heat^ below it the curv^e slants to the 
left and has a negative specific heat. The values of 
the specific heat above and below the point of tan- 
gency diminish in magnitude as the tangent is ap- 
proached and at the point of tangency are identical 
and equal to zero; that is, just there the tempera- 
ture may be raised without the addition of heat because 
the change is isentropic. 

If these points of zero specific heat are determined 
for all the x-curves and connected by the smooth curve 
MN\ the chart is divided into two portions, such that 
to the left of MN the specific heats along the x-lines are 
positive^ J.e, isentropic expansion will be accompanied 
^{K vapormation^ and to the right oi MN ft^e ^^^\^^ 



L_ 
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heats are negative and isentropic expansion will be 
accompanied by condensation. The curve MN is 
known as the zero-curve. 

So far we have located p, v, t, <f>, and x, and to make 
the definition of the point complete it is only necessary 
to draw a curve of constant intrinsic energy. This 
could be done by solving Ei=E2=E^= etc., = q^ +Xipi = gj 
+X2p2=q3+Xsp^=etc., for the proper values of x and 
connecting these by a smooth curve. This would be 
very laborious, as there does not seem to be any con- 
venient graphical construction. Fortunately it is pos- 
sible not to draw the isodynamic curves, but to find 
an area which represents the value of the intrinsic 
energy for any state point and at the same time to 
divide r into two areas proportional to p and Apu 
respectively. 

The first fimdamental heat equation 



«-(f)/-(a* 



becomes, when made to conform to the limitations of 
the first and second laws of thermodynamics. 



dQ = cdt+AT 



(t).- 



This is applicable to the case of saturated vapors 
because the state point is uniquely defined by the 
Intersection of the temperature ixiv^ no\v«^^ ^xxt^^*^. 
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Eqimting the coefficient of the last terms, 



U)r'^^U)„' 



a relationship which holds good for any reversible 
change. During the process of evaporation t is a con- 
stant and 



/dQ\ r 



whence 



Apu = 



or 



P 



u 



-AT 



1 



dp 



di' 



T dp T l^dp 
di pdt 



(24) 



(24a) 



I when' 

r Let a (Fig. 11) be the point of which the intrinsic 
energy is to be obtain ed, pa is the corresponding pres- 
sure. From a' on Regnault^s i/>curve draw the tan- 
gent a^b\ From similar triangles it is evident that 

J* 
the subtangent equals p^-y-- Draw Vb parallel to a'a. 

dt r 
Then the rectangle abed has the area p-rXip^Apu 

(see eq, 24a). 

That is, abed represents the external heat of vapori- 
zation and the rest of r, namely bckfj must equal p. 
Hence the intrinsic energy of the point a is given by 



#^ - OffdkO +kcbf = q +p. 




SATURATED STEAM. 
If M represents the state point 



29 



and 



dMnc = XMApu, 
cnmk=XMp, 
EM=q+XMp' 



If for each point a of the dry-steam line a correspond- 
ing point c, which divides the absolute temperature 




Fig. U. 

into two parts proportional to Apu and /o, is determined 
the curve ee will be located. The curve ee being located 
once for all, the intrinsic energy at any point M can be 
found by drawing the isothermal Md and the adiabatics 
dk and Mm. At c, the point of intersection of dk with 
ee, draw the isothermal en. Area OgdcnmO gives the 
desired vaJue. 
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The temperature-entropy dia^am for steam thus 
enables one to find directly the following quantitiee: 

ps t, Vj E, (f>f X, c, A, Sj q, r, A, p^ 6^ jf^ and Apu. That 

is, the diagrani is equivalent to a set of steam-tables 
and in aome ways superior to them in that it enables 
one to obtain a comprehensive idea of the changes 
taking place between these quantities. 
Let the curve MN m Fig. 12 represent the T^pro- 




jection of some reversible change. During the change 
MN there has been added from some external source 
the amount of heat MNnm, At the same time the 
intrinsic energy has increased from OgabcmO to 
OgdefnO, the increase being shown by the area 
adefnmcba. The area MifnmM is common to both the 
heat added and the increase of intrinsic energy, and 
as the remaining part of the intrinsic energy increase, 
adeiMcba^ is greater than the remaining portion of the 
^m^ udded^ i/V/t^ it foJJows that tte \xt2X ii.M^4 io^ 
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not equal the increase of internal energy and hence 
an amount of work must have been performed upon the 
substance equal to the difference in area of these two 
surfaces; i.e., the external work performed upon the 
substance equals adeiMcba -iMfi. These areas may be 
found readily with a planimeter. 

The performance of external work upon the sub- 
stance might have been foretold at once from the 
diagram, because the volume of N is less and the pres- 
sure greater than that for M. 

Fig. 13 represents another tjrpe of reversible change. 
During the transformation MN, there is added the 




Fig. 13. 

heat MNnm, and the intrinsic energy changes from 
OgabcmO at M to OgdefnO at N. The portion 
OgdeimO is common to both, and the intrinsic energy 
at N will be greater or less than it was at M according 
as the area ifnmi is greater or less than the area dbcieda. 
The magnitude and sign of this difference may be de- 
termined each time by the use oi ^\Mi\vftfc\fc\^. 
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In Fig. 13 E„>Em'j hence this increase of internal 
energy must have come from the heat added, and 
subtracting this difference from the total heat added 
wiU give the amount remaining for external work. 
This is positive in the case shown, as was to be expected, 
as the pressure has fallen and the volume increased. 

In case there was a decrease in the internal energy 
that area would need to be added to the heat area in 
order to obtani the external work performed. 

Having learned to construct and interpret the T(f>- 
diagram for saturated vapors we must now resume 
once more the main object of our investigation, nameljj 
to find the location in the T^-plane of any curve given 
in the pi'-plane or vice versa^ so that we may eventually 
be able to investigate the action of a steam-engine from 
both its indicator and its temperature-entropy diagrams. 

In the case of perfect gases it was possible to use 
one of the fundamental heat equations and thus obtain 
a simple analytical expression which could be easily 
plotted; for saturated steam, however, this process is- too 
cumbersome to be of any service. Fortunately the 
graphical method offers a solution both simple and 
elegant. 

In constructing the T^-diagram we have already 

made use of the first, second, and fourth quadrants to 

express T<pj p^, and v4i variations respectively, and now 

we have but to take the third or pi'-quadrant and the 

cimgram Is complete. 
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The saturation curve, or curve of constant steam- 
weight ab in the pv-plane, is depicted by the dry-steam 
curve a'6' in the T^-plane, Fig. 14. The method of 
obtaining corresponding points aa' and 66' is shown 
by the projection through the point a^ and 6^ of the 
pT-curve. Aa and Bb show the increase in volume of a 
pound of HjO m vaporizing imder the constant pres- 
sure Pa. and pft. respectively. This same increase of vol- 
ume is represented in the ^v-plane by the curves A''a" 
and -B"6" respectively. Now if only part of the poimd 
is vaporized the actual volume will be indicated by 
the points, say, Xa and Xb, By projection into the 
^v-plane Xa^ and Xb^ are found. Another projection 
and we obtain Xa and Xb as the state points in the 
T^-plane corresponding to the points Xa and Xb in 
the pv-plane. 

Suppose the pressure and volume of a pound of 
steam have been determined for some particular part 
of the stroke by means of the indicator-card and steam 
measurements. Let Xa represent such a point. It is 
now desired to find the corresponding state point in 
the r^-plane. The procedure is as follows: 

Draw through Xa the curve of constant pressure Aa 
and determine by projection its. location A'a' and 
A''a'' in the T<^ and ^v-planes respectively. Then 
project Xa to Xa' and finally Xa' to xj and the desired 
determination is finished. 

As a further problem suppose \\, \a ^^^iw^^ Xs^X^*^^^ 
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on the r^plane the curve of constant volume x^^c- 
The point Xa is ahready located at Xo'. To locate 
Xe draw Bb and find its projections at fi'6' and fi"6". 




Fig. 14. 



Then project Xe to x/' and finally to x/. The two 
end-points of the curve being determined, any inter- 
mediate point as x^ will be located in the same manner 
9s shown. Thus after a sufficient ii\mtoei oi ^Q>m\a 
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are located, the curve of constant volume Xax/ may 
be drawn. Naturally if the chart is already provided 
with constant-volume curves this construction would 
be imnecessary. 

Passing now to the most general problem consider 
the curve LMN and suppose its equation in the pv- 
plane to be pv^=p^Vi^. This would correspond to the 
expansion-line of an indicator-card. It is desired to 
find the projection of this curve in the T^-plane. 
The problem resolves simply into the location of a 
sufficient number of state points, through which a 
smooth curve is finally to be drawn. To locate L, M, 
and N project them on to the corresponding volume 
curves A'V, D"d", and fi"6" of the 0t;-plane at L", 
A/", and iV", and then finally project to U, M', and iV'. 
To properly determine the curve some intermediate 
point as K may be necessary. 
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Ik the present state of UBcertainty regarding the 
value of the specific heat of superheated st^Lm both at 
eonstfuit pressure and at constant volume, it is impos- 
sible except with a fair degree of appro^dmation to 
define the location of the state point in the T<^-plane. 

Tlie eunes of constant pressure and constant volume 
are here denotedi as in the case of perfect gases, by 

^-i>i=J^ -ji-, and^-#i=yj.^ ^Ir, respectively. 

When the variations of Cp and e^ with the tempera- 
ture are kno'*\Ti these curves can be plotted accurately, 
but until then Cp and c^ may be assumed to hold con- 
stant through considerable ranges of temperature j Cp 
gradually increasing with higher temperatures. 

As Cp>c^ the constant-pressure curv^es will not be 
as steep as those of constant volimie. To locate curves 
o/aonstantintnimceueTgyj there is no graphical method^ 
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but assuming the approximate formula for the change 
of intrinsic energy to be true, viz., 

it follows that the product pv is a constant along iso- 
dynamic lines. Hence starting with any point in the 
dry-steam curve having the pressure p and the volume s, 
it is simply necessary to pick out the intersection of 
those curves of constant pressure and constant volume 
giving the product pxVx=ps and then to connect them 
by a smooth curve. 

There would thus be five sets of curves, one set 
each for constant pressure, volume, temperature, in- 
trinsic energy, and entropy. As the intersection of any 
two of these gives a unique location of the state point, 
it follows that all five characteristics may be read di- 
rectly from the chart as soon as any two are known. 

There is at present no simple and accurate equation 
(f>=f{T) to represent in the T^-plane the projection 
of the curve py**=pi'yi**= constant, so that recourse 
must again be had to the graphical method. Determine 
the pressure and volume of a sufficient number of 
points on the pv-curve and then plot these values on 
the corresponding pressure and volume curves in the 
T^plane. The curve thus produced will be an ap- i 
proximate representation of the original. 

To £nd the external work don^ A\xrav?, ^w^ ^2w2j3m^^ 

\ 
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I measure the heat ailded under the eun^e with a planim- 
eter and note the posttton of the begintiing and end 
of the curve with reference to the constant intrinsic - 
energy curv^. If this shows an increase, subtract, if 
a decrease, add the difference to the heat aiea and the 
final result will be the work area. 




Fig. 15 

For a perfect gas the isothermal and the isodynamic 
lilies coincide, and for superheated vapors the de\na- 
tion is not excessive, so that for short range of tempera- 
ture only a small error will be introduced in using the 
isothermals in place of the isodynamics. Hence to find 
the intrinsic energy of any point .V, Fig. 15, in the super- 
heated region, draw the isothermal NI^' and assume 
*ie Mrhmw energy of N to be the same as that of JV'i 
s.^ area Oae/gn^O* __ 
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Then for any change, as MN, extending from saturated 
to superheated steam, the heat added will be repre- 
sented by mMNn, the increase of intrinsic energy by 
befgn'mdcb, and the external work by the algebraic 
sum of these two areas. 



CHAPTER V. 

THE TEMPERATURE-ENTROPY DIAGRAM FOR THE 

FLOW OF FLUIDS, 

In view of the rapidly increasing use of the steam- 
turbine it has become necessary to understand 
thoroughly what happens when steam flows through 
a nozzle. As preparatory to that we i^ill discuss first 
the frictionle^, adiabatic flow of steam through a 
flaring nozzle. Such a process is reversible and hence 
the adiabatic line is also isentropic. 

The general formula for frictionless adiabatic flow is 

We have to distinguish the three cases: (1) expansion 
from saturated to saturated, (2) expansion from super- 
heated to saturated^ and (3) from superheated to super- 
heated- Substituting the proper values of v and E 
gives for the three cases: 
/V ^ V ^\ 

4S^ 
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=2i +x^\ +ApiX{u^ - (qt +XtPi +AptXtUi 
+Aa{pi-pt), 

=ffj-ff,+A<T(pi-p,); 



2) ^(^2r-2^j=^Pi(«i+<^i)+^Pi(«i-Si 



) 



-ilpj(XjWj+(»)+5,+(0, 

. iip(ri -.'?,') 

=9i +n +Cp(t, -h) -(5, +x,r,) 

+A<t(Pi-p,), 
•=ff,-H,+i4<T(pi-p,); 



-[Apt(ut +a) +Api(vj -St)] 

-[9'+^'+ k-1 } 

=H,-Ht+Aa(p,-pt). 

In each case the heat equivalent of the mcrease in 
the kinetic energy of the jet is equal to the decrease 
in the total heat of the steam plus the heat equivalent 
of the amount of work •w\uc\x vjovA^ \>fe x'sajis.'i^ "y^ 
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force a pound of water back against the difference of 
pressure. 

Let ab, AB, and A^B^ in Fig. 16 represent three such 
expansions respectively. 




Fig. 16. 



On the r^-diagram the increase in the kinetic energy 
of the jet between the pressures pa and pd is thus: 



1) 



2) 



B) 



/y 2 y 2\ 

—area Ogchh'O +area klmn. 
/y2 y 2\ 
^ \T" " 2 / " area OgdeABV 

—area OgcBB'O +area klmn. 

^W ig) ^^""^^ OgdeA,B,'0 

-area OgcfB^B^O -Vaiea Idmu, 
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area en- 



(y 2 y 2\ 
2^ —^) is represented by the 

closed between the water-line, the two constant-pres- 
sure curves, and the isentropic expansion curve plus the 
rectangle klmn=Aa{pa-pb)' Unless the steam is ini- 
tially very wet this last term is inappreciable, so in 
general the heat equivalent of the increase in kinetic 
energy is equal to the difference in the total heats. 

Suppose now we wish to design a nozzle to permit 
the flow of G pounds of steam per second. At any 
cross-section of area F the necessary and sufficient 
condition for continuity of flow is that 

V G V 

For any pressure px there can be only one definite value 
for velocity and specific volume, viz., Vx and Vx, and 
hence a imique value of the area Fx. The value of 
Vx may be read directly from the constant-volume 
curves; the value of Vx must either be computed 
from the above formul*ce or else the area cdAB 
measured by planimeter and Vx computed from that. 

In Fig. 17 let a'6' be the pv-projection of the fric- 
tionless adiabatic flow ab. Let MN represent the rela- 
tive variations of specific volume and velocity during 
this expansion. Draw the line yy parallel to Ov and 
make Oy equal to G. Then at any point of tha ^ylx^^^- 
eion as d^ the volume v^—mdf aadVJCkfeN^oc^'^N ^^-xvA^ 
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Draw Od" and prolong if necessary until it intersects yy 
in k. From the similar triangles Oyk and Odf^n it 
follows that 

yk : yO^On : nd!' 



or 



„*=^.^,=C.^=f 



Conversely to find the pressure which would be 
obtained at any cross-section, lay off yk=Fy draw A:0, 




Fig. 17. 



nnrl prolong until it intersects MiV in d", from d" drop 
/i&^ perpendicular df'n anci project d' back \.o d. 



FLOW OF FLUIDS, 45 

The smallest cross-section, or the throat of the 
nozzle, will be reached when Ok is tangent to MN, 
viz., Okf, giving the value F throat =^yk'. 

As Ok cuts the vF-curve between K and N the 
value of F increases rapidly until at N it becomes infi- 
nite, which agrees with the initial assumption that 
Fo = 0. It is to be noticed that the throat is reached 
when the pressure has dropped to about 0.58 po. From 
this point on the nozzle flares indefinitely as long as 
the back pressure is dropped. 

Expansion Through a Porous Plug. — So far in speak- 
ng of adiabatic lines reference has been made only 
to reversible processes; that is, the expansion was 
frictionless and work was done at the expense of the 
internal energy either upon a piston or in imparting 
kinetic energy to the molecules of the expanding 
fluid. Suppose now that the adiabatic expansion 
occurs through a porous plug (as in Kelvin and Joule's 
experiments with gases) so arranged that as soon as 
velocity dV is developed, it is at once dissipated through 
friction into heat rfQ, which is returned to the body 
at the lower pressure p — dp. The first operation is rever- 
sible and hence isentropic, the latter is equivalent to 
the addition of the heat dQ from some external source 

dQ 
and hence the entropy increases by the amount -=-. 

If this process is continued, instead of the adiabatic 
coinciding with the isentrope db ljas> m ^^N^^i^i^'^ >^^^ 
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cesses) it takes the form ai'^ shoeing increasing entropy 
accompanied by falling temperature. 

An entirely new interpretation must be given to the 
r^^-dia^am for irreversible processes such as this. 
The area under the curve ab' (Fig, 18) no longer rep- 
resents heat added from external sources (nor from 
any other source). In this particular process no heat 




Fig. 18. 

whatever was added. Suppose the change from a 
to 6' is made by means of a frictionless, adiabatic ex- 
pansion in a nozzle form a to b^ producing the kinetic 
energy atcd, and that this energy is then reconverted 
into heat form at the lower pressure^ represented by 
the change hb\ The increase in entropy is equal to 

'Tr- = — ht^^^^^* ^^ ^^^^ Wfc/bt represents the 

work lost in friction^ and in this particular case is 
eguai to all the work which might have been obtained 
Aj^ s /r/ctJonJess admbatic or isentropve cWix^ft, 
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Making the final and initial velocities the same by 
proper proportioning of the plug, so that there is no 
increase in the kinetic energy of the fluid, 

Ogcdabi -hAaipa-pb) ^OgcbW 
or practically 

3a -^-^aTa = 96 4-iC6^6 = H ) 

i.e., oft' is approximately a curve of constant total heat. 
A series of such curves may be drawn as indicated, and 
the value of H for each curve will be that of X at its 
point of intersection with the dry-steam curve. Ex- 
tending the curves into the superheated region there 
must exist the following relation between points repre- 
senting moist, dry, and superheated steam: 

Peabody Calorimeter.— This principle is utilized m 
the Peabody throttling calorimeter. It is assumed that 
there is no increase in kinetic energy, hence 

/y 2 y 2\ 

or neglecting -^^(Pi — Pb); 

3i+^A = ^+Cp(^,-<2), 
whence ^+^p(^»-0-q. ^ 



4S 
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It should be noted that the trausfonriation inside 
the calorimeter is not represented by the process a6', 
but more nearly by ab+bb\ Simply the initial and 
final conditions are represented by two points upon 
the same constant heat curve* 

An inspection of the constant heat curves shows that 
starting with a given per cent, of pi^iming in the steam- 
pipe^ a reduction of the calorimeter pressure will cause 
more and more of the moisture to be evaporated until 
eventually the steam, with dropping pressure, becomes 
dry and then superheated* If at the lowest available 
back pressure the steam is not already superheated 
this calorimeter fails to impart the desired information. 
The higher the initial pressure the greater the percent- 
age of moisture which the calorimeter can measure. 

Flow Through a Nozzle. — In the case of the flow 
through an actual nozzle the operation is not rever- 
sible. Heat is lost by radiation; heat is conducted 
through the metal of the nozzle from the higher to the 
lower temperatures; and friction occurs in varying 
amounts in different parts of the nozzle. The first 
loss, the rejection of heat as heat, decreases the entropy 
of the fluidj while the other two losses both increase 
its entropy* It might happen that these opposing 
forces just balanced and then the expansion would be 
isentropic but not reversible. In general, however, 
the radiation loss may be made small, so that the opera- 
^/oji IS nearly adiabaticj but wit\\ metc^svw?, t^Ti\.t<^'^^ 
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due to conduction along the nozzle and to friction 
losses. 

Thus starting from a, Fig. 19, the actual expansion 
curve will lie between the isentrope ab and the con- 




FiG. 19. 

stant-heat curve ob' in some such position as ac. The 
heat theoretically available is represented by abde. 
By friction, etc., the portion bccfii has been returned 
to the substance at a lower temperature, hence the 
kinetic energy of the jet at the exit c is equal to 

area obcte— area bccj)^. 

This loss would make itself noticeable in two ways. 
Decreased kinetic energy means decreased velocity, 
and increased entropy means increased volume. That 
is, if a nozzle were constructed from the dimensions 
necessary to give frictionless adiabatic flow and drilled 
at different points so as to meas\]Lr^ Wi^ ^\^^>3Xfc^ "^as. 
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observed pressure woidd be found to be greater at any 
given cross-section than the pressure for frictionless 
flow. Stodola's experiments show this, and also that 
the loss is at first slight, being practically negligible 
down to the throat, but increasing from there onward 
more and more rapidly as the velocity increases. That 
is, the curve ac would at first closely approximate ah, 
but lower down branch off more and more toward the 
right. 

As soon as the curve ac has been accurately located 
it can be projected into the pv-plane and the corre- 
sponding areas for different cross-sections of the nozzle 
determined in the manner already indicated for the 
ideal case of frictionless flow. 



CHAPTER Yl^ 

THE TEMPERATURE-ENTROPY DIAGRAM APPLIED 
TO HOT-AIR ENGINES. 

The Camot cycle in the T^plane is always a rec- 
tangle, but in the pv-plane its shape depends upon the 
nature of the working substance. For perfect gases 
the isothermals and frictionless adiabatics have nearly 
the same slope, so that to obtain an appreciable work 
area either the diameter of the cylinder or the length 
of the stroke must be made excessively large. That 
is, the excessive size and weight of the engine combined 
with large radiation and friction losses make the use 
of the Camot cycle unfeasible in the case of hot air. 
Hence recourse has been had to certain of the isodi- 
abatic cycles in the attempt to improve the work 
diagram. 

The ideal cycle for the Stirling hot-air engine con- 
sists of the following events: 

(1) Heating at constant volume by passage of air 
through regenerator. 

(2) Expansion at constant temperature in contact 
with the hot surface of the furnace. 
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(3) Cooling at constant volume by return through the 
regenerator. 

(4) Compression at constant temperature in con- 
tact with the cooling pipes. 

The diagrams for such a cycle are shown in Fig. 20. 
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Fig. 20. 



The criterion for such a cycle is that the heat re- 
jected at any temperature T along 6c shall equal that 
received at the same temperature along da. Hence 



c,d<+(cp-Or^=dQ=c.d<+(cp-c,)7'^. 



As these equations both refer to the same isothermal 
it follows that 



— ' = TT, or log Vi +log Ci = log V2 +log Cj, 



V. V. 



whence 



CiVi=C2V2 or Vi=C02. 
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That is, the Imes ad and 6c are '' isodiabatic/' as 
they satisfy the condition that the ratio of the volumes 
at the points of intersection with any isothermal is a 
constant. 

The ideal cycle of the Ericsson engine is similar to 
that of the Stirlmg except that the heating and coolmg 
occm- at constant pressure instead of at constant volume. 
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Fig. 21. 



The ideal diagrams for such a cycle are shown in 
Fig. 21. In this case 



c^-(Cp-c.)r^=dQ=c^-(cp-oA 



whence 



Pi=cp2. 



Hence these curves are " isodiabatic," since the ratio 
of the pressures is a constant. 

Both the Stirling and the Ericsson cycle give well- 
shaped indicator-cards and aie \Jtt»a \^\Xfe\ *^^ssx "^^^^ 
Carnot cycle mech^,nically. 
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THE TEMPERATITKE-EKTROPY DIAGRAJM APPLIED 
TO THE GAS-ENGINE. 

No attempt will be made here to trace the heat 
losses due to radiation and the cooling water in the 
jackets, but the cyhnder and piston will be considered 
impermeable to heat in all cases. Thus by a compari- 
son of the ideal cards for different cycles the gain due 
to initial compression and the loss from incomplete 
expansion may be more clearly defined. 

The Lenoir cycle was introduced in 1860. Its 
thennodynamic principles were retained in the different 
free-piston engines. These were uneconomical and 
noisy and have disappeared. The only remaining 
example is the Bischoffj a simple small vertical en* 
gine. I 

The Lenoir cycle consists of the following events: 

(1) During the first part of the forward stroke a fresh 
explosive mixture is drawn in by the piston {aA in 
Fig, 22). 

(2) A little before half-stroke is reached the supply- 
f-m/ve closes and the explosion occuts. In tgbJlvX.^ ^J&a 
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combustion requires an appreciable time for its com- 
pletion, and thus the heating takes place while the 
piston is moving forward, i.e., at increasing volume, 
but for the ideal case the explosion will be considered 
instantaneous, and hence the heating will be at con- 
stant volume; along the Ime AB, 
(3) The rest of the stroke represents adiabatic expan- 




FiQ. 22. 



sion of the heated gas down to initial pressure; along 
BC. 

(4) The retmn stroke, during which the products of 
combustion are exhausted. Thermodynamically this 
is equivalent to cooling at constant pressure; along CA. 

About the time Otto and Langen were experimenting 
with the free-piston engine, Beau de Roehas de^tlhed 
a cycle which would make pos^^\^ ^<^ ^^^\nss«snr5& 
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nmning of a gas-engiiie. This was embodied by Dr. Otto 
m his silent engine in 1876 and has thus become asso- 
ciated, although UTongly, with his name. 

The "Otto'* cycle consists of the following events: 

(1) The drawing into the cylinder at atmospheric 

pressure of a new explosive mixture throughout one 

complete stroke (aA in Fig. 22). The volume of the 

charge is MA and consists of the burnt products in 

I the clearance space Ma from the last charge plus the 
fresh charge, 
(2) The adiabatic compression of this charge on the 
return stroke of the piston AD. This compression of 
the gas into the clearance space is done at the expense 
of the energy in the fly-w^heeL 

(3) The ignition and explosion of the charge while 
the piston is at rest at the dead-centre, thus increasing 
the pressure and temperature at constant volume ; along 
DE, Assiuning that the same quantity of mixture is 
used by both the Lenoir and Otto engine, the heat 
generated by the explosion will be the same in both 
caseSj i.e., the areas under the curves AB and DE are 
equal La the T^-diagram. 

(4) The expansion of the heated gases throughout 
the entire stroke, assumed adiabatic; along EF, 

(5) The drop in pressure due to the opening of the 
exlmust-valve while the piston is at the end of the 
stroke. This is equivalent to cooling at constant 

vo/imie/ along FA. 



L 
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(6) The exhaust of the burnt gases during the return 
stroke Aa. Changes of location are not recorded in 
the r^-diagram. 

In the Atkinson engine, now no longer made, the 
cycle was the same as the Otto up to the point F, and 
then, instead of releasing the hot gas, the expansion 
stroke was lengthened by means of an ingenious 
mechanism permitting the adiabatic expansion down 
to back pressure, as represented by FG. Then the 
exhaust stroke was from G to -4, which thermo- 
dynamically is equivalent to cooling at constant 
pressure. 

Comparing the Atkinson and Otto cycles it is at 
once evident that there is a loss of work and of heat 
equal to AFG in the pv- and T^planes, respectively, 
due to incomplete expansion. 

A comparison of the Atkinson and Lenoir cycles 
shows that as the heat received in both is the same 
while that rejected by the Lenoir engine is the greater 
(compare areas imder CA and GA), the efficiency of 
the Atkinson is the greater. 

Theoretically, then, the Atkinson engine has the most 
perfect cycle of the three, but nevertheless it has been 
entirely superseded by the Otto engme. The reason 
for this becomes at once apparent from the diagram. 
Even if the area AFG, rejected by the Otto engine, 
due to incomplete expansion, were just equal to the 
area under GC of the LenoiT e^JcvWiSX, ^\?cO^^^ nJw^^n^ 



5S THE TEMPERATURE-ENTEOFT DIAGRAM. 

would still be preferable to the latter because the same 
amount of power could be developed with a smaller 
engine. Suppose, now^ the clearance space m the 
above Otto engme were decreased, so that the adiabatic 
compre^ion would heat the gas to a higher initial tem- 
perature, as AD\ The explosion would now occur 
along the constant-volume curve lYE^ where the area 
imder /)'£' is equal to that under DE^ as the same 
heat is generated in both cases. The adiabatic expan- 
sion would now be down E'F^ and the exhaust would 
be along P^A. Hence the same Otto engine with 
increased initial compression due to decreased clearance 
would give increased efficiency^ as the heat rejected 
xmder F'A is less than that rejected under FA. This 
engine would now be better than the Lenoir, both 
mechanically and thermodynaniically. Furthermore 
the loss due to incomplete expansion becomes less 
because the heat thus rejected is reduced from AFG 
to AF'G\ That is, the higher the initial compression 
the less the theoretical superiority of the Atkinson over 
the Otto engine. And in the actual engine the increased 
complexity, size, friction loss, and danger of the 
Atkinson more than counterbalanced the theoretical 
superiority. Hence the Otto engine is practically 
the most efficient of the three. 

In the Otto cycle the temperature at the end of 
"ompression is not very high relatively, so that during 

J?rs^ part of the combustion tine v^^oiVau^ ftmi \^ 
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much colder than the source of heat and does not 
attain this high temperature imtil the end of the com- 
bustion is reached. The heat is thus received at con- 
stant volume and increasing temperature instead of 
at constant temperature and increasing volume. It 
was shown in the first chapter that any such deviation 
from a Camot cycle means a drop in efficiency. This 
led Diesel to invent a cycle during which most of the 
heat should be received at the highest available tem- 
perature. His method is to compress the air initially 
up to about five himdred poxmds pressure to the square 
inch, so that its temperature is above the ignition- 
point of the combustible to be used. The injection 
of a small quantity of fuel causes the temperature 
to increase still further at constant volimie up to that 
of the combustion; then as the piston moves forward 
the temperature of the gas is maintamed nearly constant 
by the injection and combustion of further fuel. This 
lasts for about one-tenth of the stroke. The indicator- 
cards taken from such a motor show that the desired 
regulation is not perfect, the temperature sometimes 
rising, sometimes falling. This, however, only affects 
the magnitude of the gain from such a cycle, as all of 
the heat generated on the forward stroke is trans- 
mitted to the working fluid at an efficiency corre- 
sponding to that of the upper part of the Otto cycle. 
The cards show also that the expansion may or may 
not be carried down to the back ^i^^\)iT^, 
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Fig, 23 shows the ideal diagrams for the Otto^ Atkin- 
son, and Diesel cycles for the same quantity of heat; 
that is, the areas under be and b'gc' are the same in the 
r^plane. The change from b to V shows the in- 
creased compression in the Diesel motor^ V being at or 
above the temperature of ignition. The heat received 
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along &'g is not received under the most efficient con- 
ditions, but still with an efficiency equal to that of the 
best part of the Otto cycle^ while that received along 
the '' isothermal combustion line ^^ gc* is obtained under 
conditions of maximum efficiency. The effectj as is 
clearly shown by the diagram, is to increase the amount 
of heat changed into work and to diminish the heat 
r&Jer^tef}, On the return stroke the conditions of 
t/jp Carnot cycle are more closely a,\iipio^\Toa.\^^ m 
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the Atkinson and Diesel cycles where the heat is re- 
jected at constant pressure than in the Otto cycle 
where it is rejected at constant volume, as lines of 
constant pressure deviate from isothermals less than 
do lines of constant volume. 



CHAPTER Vm. 

THE TEMPERATURE-ENTROPY DIAGRAM APPLIED 
TO THE NON-CONDUCTING STEAM-ENGINE. 

The Camot cycle for steam gives a very good pv-dia- 
gram, and hence there are not the same mechanical 
objections to its adoption as in hot-au* engines. But, 
due to the physical change in the working fluid, a differ- 
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Fig. 24. 

ent cycle has proved to be more feasible. In the 

Carnot engine the steam at condition d, Fig. 24, would 

jbe compressed adiabatically to a m\Ja. \Xv^ dci^kxv^^ va 
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condition from x^ to Xa. The isothermal expansion 
ab occurring by the application of heat to the cylinder 
produces the further change in condition to Xb. The 
cycle is finished by the adiabatic expansion be and 
the isothermal compression cd with the cylinder in con- 
tact with the refrigerator. 

The card of the ideal engine differs materially from 
this. (1) The Ime ab, Fig. 25, represents the admission 




n\ 4> 




Fig. 25. 



of steam of condition Xh into the cylinder up to the 
point of cut-off. This is forced in by the evaporiza- 
tion of an equivalent amoxmt m the boiler, so that the 
T^-curve is the same as in the Camot en^e. (2) The 
adiabatic line 6c represents the expansion of the 
steam admitted along ab plus the amoimt already 
in the clearance space at the moment of admission a. 
(3) During exhaust the piston s\iiip\5 loto,^^ Qv;i!^\s>^j^ *^^?^& 
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condenser all of the steam taken during atlniission, but 
the quality of the remainimj portion is the same at 
compression as at the lieginning of release. (4) Tlie 
part confinetl in the clearance space is then compressed 
along da in the pi>-plane up to the initial pressurei 
i.e,j back along the curve cb in the T^j^plane. Heoce^ 
in a non-conducting engine, the amount of steam con- 
fined in the clearance space is immaterialj as its expan- 
sion and compression occur along the same adiabatic 
and do not affect the heat consumption. 

That part of the steam exhausted during release, 
however^ passes into the condenser and there con- 
denses and gives up its heat to the cooling water. 
This is represented by cd. 

From the condenser the water is forced into the 
boiler by means of a feed-pump, and is there warmed 
from d to a and vaporizes from a to 6. Tlie pt?-dia- 
gram gives a history of the work performed per stroke 
and is confined entirely to the events in the cylinder. 
The T^-diagram, however, represents the heat cycle, 
and consists of events occuiTing in. three different 
places, da and ab represent the heating of the feed- 
water and its evaporation at working pressure in the 
boiler, 6c represents the adiabatic expansion in the 
cylinder of the engine, and cd the discharge of heat 
to the condenser. 
If it were desired to make this cycle into a Carnot, 
/Ae» condensBtion. would have to ato^ lai dl ^si"! \W 
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feed-pump arranged to compress the mixture adia- 

batically to a. ^^^^^G^ILi - 

Suppose each engme to use one poxmd of steam of con-^ 
dition Xhy Fig. 25, per stroke, then the efficiency will be 

a) caxnot: ^J^^Zl^Z^^f^^^ . 

area abnm — area d'cnm T1—T2 , 
" area abnm Ti ' 

6) Non-conducting or Rankine engine: 

_ [gi -•g2 + (^h -Xa)r,] - {Xc -Xd)r2 

^ gl +Xhr^ — g2 - ^c^2 _ 1 XcT2 

An inspection of the diagram shows at once that 

' Camot ^ ^ Rankine' 

It is evident also that for any given boiler pressure, 
the less the amoimt of moisture in the steam the smaller 
the difference between the Camot and the Rankine 
cycles. 

Increased Efficiency by Use of High-pressure Steam. — 
If the same quantity of heat be supplied per poimd 
of steam xmder constantly increasing pressure the 
state point, b, Fig. 26, will aasvxcci'^ \}w& ^\^RRfc«&si^ ^^^- 
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tiom b'j h*'^ etc., along the constant heat curve fef, 
and at the same time the state pomt e, repreoenting 
the condition at the end of the adiabatic expansion to 
the back pressure, moves towards the left into the 
successive positions (/, c^\ etc. Now the areas under 
cd, c'd, c"d, etc.j represent the quantity of heat dis- 



"^ 



Fig. 26, 



charged to the condenser under the different condi- 
tions. Therefore the greater the pressure or the higher 
the temperature at which a given quantity of heat is 
supplied to the engine, the smaller the fractional part 
rejected to the condenser, that is, the larger the por- 
tion turned mto work and the greater the efficiency. 
The rp-curve shows that at high pressures the 
pressure increases much more rapidly than the tem- 
perature, and hence the necessary strength^ weight, 
and cost of the engine will increase more rapidly than 
^e gtiin in eMcieney. 
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Gain in Efficiency from Decreasing the Back Pressure. — 

If the initial pressure be kept constant (Fig. 27) and 
the back pressure be diminished by increasing the 
vacuiun, the heat taken up in the boiler by each pound 
of steam will be increased from dabnm to, say, 
d'abnrnf, and the heat discharged to the condenser will 
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Fig. 27. 

diminish from dcnm to df(/nmf; that is, the efficiency 

increases. 

Again referring to the pr-curve, it is clear that at low 

pressure the temperatiu'e decreases much more rapidly 

than the pressiu'e, so that a small decrease in pressure 

means a considerable increase in efficiency. This is at 

once evident from an inspection of the efficiency for a 

T —T T 

Camot cycle, ''i=—hp — ^=l~7r> but the expression for 

the Rankine cycle, 

,=1-- 



XcT-, 



qi-VXbT^-q.^ 
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does not show the infivience of the upper or lower 
temperature very clearly. The efficiency may easily 
be expressed as a function of the upper and lower 
temperatures by assuming the value of the Bpecific 
heat of water to be constant and equal to unity. Thus 



q,^ / cdi = T,-T^ 



f" 



cdt^T^-T^, 



and 



or 






Ti-T,+X6r, 



The value of the last term decreases^ hence the 
efficiency increases, 

(1) as x^ approaches unity, 

(2) as T^ increases^ and 

(3) as T^ decreases- 
Gain in Efficiency from Using Superheated Steam p^ — 

To avoid the introduction of excessively high pressures 
superheated steam is being used more and more. Accord- 
mg to the Camot cycle the gain in efficiency is equally 
gTPMt whether superheated or satwratied ^^sitv qI ^\^ 



NON-CONDUCTING STEAM-ENGINE. 



69 



same temperature is used, but the Rankine cycle shows 
that the theoretical gain to be expected from super- 
heated steam is but slight. 

The portion he of the Rankine cycle, Fig. 28, repre- 
sents the addition of heat in the superheater, and ec 
the expansion from superheated to saturated steam 
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Fig. 28. 



in the cylinder; the rest of the cycle is as previously 
described. 

The heat gi— g3+ri+Cp(<,— ^J is received along the 
line of varying temperatures da6e, while in the Camot 
cycle an equal quantity of heat (area 6/iZn = area dabenm) 
is all received at the upper temperature tg. Hence the 
efficiency of the Rankine is now much less than that 
of the Carnot cycle working between the same tem- 
perature limits and the discrepancy increases as the 
degree of superheating increases. 
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The analytical formulEe for this case are: 

_ §! -gi +n +Cp(f^ -Q -^^cTt ^ x^ 






=1- y.-n+r:+.,(n-r.) ^^PP-'^-^^^y^' 

This shows an increase in efficiency with increasing 
Tgj but only of small amount. 

It 19 evident J then^ that the gre^t gain obtained by 
using superheated steam must be looked for in the 
overcoming of certain defects inherent in an actual 
engine. The use of steam expansively entails a cool- 
ing of the working fluid and hence of the cylinder w^alls 
containing it. This effect is increased by release 
occurring before the expansion has reached the back 
pressure, and Ls only partially counteracted in part 
of the cylinder walls by the heating effect produced 
during compression. Thus the entermg steam under- 
goes partial condensation before the cylinder walls 
have been brought up to its temperature; that is, 
each poimd of steam, instead of occupying the volume 
which it had in the steam-pipe, now occupies a reduced 
volume proportional to the condensation. And hence, 
instead of obtaining the total area abed. Fig. 29, only 
the fractional part akld can be utilized. Thus the 
^rea ^bei has been subtracted from the numerator of 
^Ae expression for efficiency, TViiB ^:oiid.^iaa^^\oii. xa^^ 
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range as high as from 20 per cent, to 50 per cent, of 
the total steam. 

The addition of superheated steam may result in the 
superheat bemn being sufficient to supply the heat 
taken by the cylinder walls and thus preventing the 
condensation and making available the area kbcL 
The economy is further increased as the steam at the 
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Fig. 29. 



end of expansion has less moisture in it and thus ab- 
stracts less heat from the cylinder walls during release. 
That is, the conduction of heat through a vapor occurs 
but slowly, while water in contact with the metal will 
abstract large quantities of heat during evaporation. 
The leakage loss is also less with superheated steam. 
Loss in Efficiency Due to Incomplete Expansion. — 
If steam be taken throughout the entire stroke the 
indicator-caxd is represented by abed i^\^. 'SS^* ""^^^^^ 
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drop in pressure be ib equivaleat to cooling at coiL^tant 
volume and may be represented on the r<^-tiiagram 
by the curve of constant volume be. If the same 
quantity of steam be taken successively into larger 
cylinders, so that an increasing degree of expansion 
is obtained, this will be represented by &c, 6f', be", etc, 
in both diagrams. The areas B, C, D show the extra 
work performed per pound in the jn^^-plane, and the 
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extra heat utilized in the fi^plane respectivelyj as the 
expansion progresses from initial to final pressure. 

As in the gas-engine, so in the steam-engine it seldom 
pays to carry the expansion completely down to back 
pressure J because the slight gain from d to e" is more 
than counterbalanced by the increased siae, cost, and 
weight of the engine, friction, and radiation losses, etc. 
For such hcomplete expansion the expression for the 
e^cleney of the Jfankine cycle is iQ\iiid b^Si I^J^cp^v. 
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Q2-Qce+Qed-Ec-E,+Q^ 

= fe +Xcpc) - (^3 +^6/03) +^«^2 + (APcXcUc -ApcXcUc) 

=qc +Xcrc -92 +AXcWc(Pc -P2)> 

Loss in Efficiency from Use of Throttling Governor. — 

The throttling governor acts by wire drawing the steam 
to a lower pressure. Less steam is thus taken per 
stroke, as the volume is increased by both the reduced 
pressure and the increased value of x. A series of 
cards for dropping pressure is shown in Fig. 31. The 
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r^-diagram shows the decreased efficiency per pound 
of steam for the same cases. During wire drav^arv^ tJaa. 
heat remains the same, but \.\ve ^iAx^yS 'vL^Rx^'^>5a^^>'^>s> 
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the process is irreversible. The heat rejected mcreases 
as the initial pressure drops, so that of the total heat 
brought in a smaller quantity is changed into work and 
the efficiency of the plant decreased. 



CHAPTER IX. 
THE MULTIPLE-FLUID OR WASTE-HEAT ENGINE. 

In the discussion of the Rankine cycle it was shown 
how the efficiency of the steam-engine could be increased 
by raising the temperatiu'e of the source of heat or by 
decreasing that of the refrigerator. Due to the course 
of the pr-curve a practical upper limit is soon reached 
in the use of saturated steam due to the rapid increase 
of pressure at upper temperatures, so that recourse has 
to be taken to superheated steam. Again, in reducing 
the back pressure a slight drop in pressure means 
a large drop in the exhaust temperature, but a practical 
limit is soon reached beyond which it does not pay to 
carry a vacuum. 

Theoretically, at least, the efficiency could be increased 
by using for the higher temperatures some fluid (X) 
having a smaller vapor pressiu'e than saturated steam, 
and for lower temperatures some fluid (Y) having a 
greater vapor pressure than saturated steam at the 
same temperature. That is to say, the first fluid X 
could in a saturated condition be heated to the tempera- 
ture now common for superheated ^te^\s\, ^vxnsJj. XJ^k^Vj^ 
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allowed to expand in a cylinder down to some lower 
temperature at which the pressure of saturated steam 
would not be excessive. The surface condenser for 
this X-fluid would be at the same time the boiler for 
the steam. After the steam had expanded through 
two or three cylinders, it in turn would exhaust into a 
second surface condenser, which would be the boiler 
for the next fluid, Y^ in the series. Thus the working 
substance in each case is condensed at the temperature 
of its own exhaust and fed back to its own boiler at 
this temperature. The heat of vaporization which the 
first fluid rejects must warm up the second as it is fed 
into the boiler and then vaporize part of it, so that 

Iieat rejected = heat received^ 



or 



XT 



extiaust 



1 

i 



For the sake of simplicity suppose at first that two 
such fluids X and Y as described could be found^ and 
further that their liquid and saturated-vapor lines coin- 
cided in the T^-plane with those for water, but that 
the Tj>-curv^es are entirely different. 

Suppose^ further, that p^ and p^ (Fig. 32) represent 
respectively the highest pressure which it is convenient 
to use, and the lowest pressure which can be obtained 
m a vacuum. The range of temperatures when satu- 
rated steam alone is used is limited between t^ and ^3. 
Ji, however^ the fluid X is first used the upper tempera- 
^are eun be raised to Ix for ^.he sam^ \\\otxu\wav\ ^\^^ 



MULTIPLE-FLUID OR WASTE-HEAT ENGINE. 77 

sure pi. Suppose in this problem that the substance Y 
does not solidify at 32° F., its liquid line would extend 
to the left of the arbitrary zero for the entropy of water, 
and so the expansion of this fluid down to pz would 
drop the lower temperature from ^2 down to ty 




The liquid X is fed into its boiler at the temperature t^ 
and is warmed along ab, receiving the heat qb-Qa, 
equal to area ablm; it is then vaporized at the pres- 
sure Pi and receives the heat rx equal to bcnl. Its ideal 
cycle is now completed by adiabatic expansion cd 
down to some pressure px (in Fig. 32 px coincides 
with P2), corresponding to tem\>et2b\xa^ Iv, <^^ "^^ ^- 



k 
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curv^, and condensation along da, TJie condensed 
fluid is at the proper temperature to be returned to 
its boiler. 

The heat rejected along da, viz., x^jf^, must warm 
up the water fed into the X-condenser at temperature 
t^ up to ti and then vaporize part of it at the upper 
temperature. Assuming no heat lost, 



area mfgaen' = area madn. 



The steam describee the ideal cycle gaeff rejecting in 
turn the heat under fg^ equal to x^Tf at some pressure 
Pa corresponding to temperature t^. 

In the steam-condenser the fluid Y is first warmed 
up from the temperature iy, corresponding to p^, to t^ 
and then enough vaporised to make 

area m"fc^ftn" =area mfgfnf. 

From the diagram the following conclusions can be 
drawn: 

Heat received from fuel equals umbcn. 
Heat utihzed by X-engine equals abed. 

Efficiency of X-engine, Vx^^^^^^^ 

Heat rejected by X-engine = area madn^- area m' garni' 
= heat absorbed by steam-engine* 
Meat utU'med by steani-engme ' eqviafek go^^. 



MULTIPLE-FLUID OR WASTE-HEAT ENGINE. 79 

F]fficiency of steam-engine i?,< = —^ }, 

Efficiency of X- and steam-engines combined equals 

abed +gaef 



V{x+tt) = - 



mabcn 



Heat received by y-engine=heat rejected by steam- 
engine = rnf'kghvf = rn!gfn\ 
Heat utilized by y-engine = A:gf/it. 
Heat rejected by y-engine=m"A:m". 

Jcoh/L 
Efficiency of y-engine =^^^7^^^. 

Efficiency of all three engines together, 

abcd+gaef+kghi 

The heat rejected has been reduced from 
madn to rnf'kihfednrn!' . 

The great gain in efficiency shown in this assumed 
case is deceptive. The exhaust temperature has been 
taken far below freezing. This could not be done 
unless some cooling mixture could be employed in order 
to condense the exhaust fluid Y, 

This would be expensive and probably represent as 
great an expenditure of work aa \Jti<^ vMst^'^sfc^ ^g^css. 
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reeorded by the y-pistoDj possibly more. In prac- 
tice the lowest temperature ly mil be governed by 
that of the cheapest available condensing substance, 
Le,, the temperature of the cooling water at the power- 
station. 

The upper temperature tx will be governed by the 
materials used in construction. 

Since x^^r^^qs-qc ^^bT b^ it follows that Xb<x^j,\ 
that is, the value of x gradually grows smaller for 
succeeding fluids, so that initial condensation must 
be increasing in the successive cylinders. The gain 
w^hich accrues from the use of superheated steam 
might for similar reasons be expected from the use 
of the superheated vapors of the X- and F-fluids, It 
thus would undoubtedly pay to superheat each vapor 
as it leaves its respective boiler an amount sufficient 
to overcome the initial condensation. This might be 
effected by the use of a separately fired superheater 
suitably situated, or perhaps more economically still 
the hot flue gases from the first boiler furnace might 
be made to pass successively through all the super- 
heaters and thus the total economy increased two 
ways at once. 

Several different multiple-fluid engines have been 

proposed, usually of the binary t3ri3e. When it comes 

to a discussion of any particular combination the 

actual T^-diagram must be drawn, and the liquid- 

unci mturatcd'VapoT lines wiW no \oTL^'&t \^ %^x^^X' 
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imposed as was assumed in the ideal case just discussed. 
However, the principles already enunciated will make 
the application clear. 

Any fluid having a low boiling-point, such as ammonia, 
chloroform, sulphur dioxide, ether, carbon disulphide, 
etc., is available for such work. All such volatile 
fluids possess latent heat of vaporization of small 
magnitude, and the smaller this is, the more volatile 
the substance and the greater its specific pressure at a 
given temperature. This leads to the practically 
important fact that to perform a given amount of 
work a greater quantity of the volatile substance 
must be supplied, the amount necessary increasing 
with the diminution of the latent heat of vaporization. 

Du Trembley used a steam-ether engine. Ether 
superheats during adiabatic expansion and thus seems 
especially adapted to such work, as this would tend to 
prevent the excessive cooling of the cylinder during 
exhaust and thus do away with the losses incident 
to initial condensation. Fig. 10, although not drawn 
to accurate scale, gives an approximate idea of the rela- 
tive values of the latent heat of vaporization. In round 
numbers the entropy as liquid and as vapor compares 
with water as follows: 



Water 



32^ F.. = 0, 5+^ = 2.12; 
248° F. .0=0. S65, 6 V^=\m\ 




and as the latent heat is about one sixth that of water 
it follows that about six pounds of ether will be re- 
quired to cool each pound of steam, so that a com- 
bined r^-diagrani niight be drawn for one pound of 
water and six of ether. 

Perhaps the most accurate and elaborate series of 
experiments on any binaiy engine was made by Prof, 
Josse of Berlin* He used sulphur dioxide for the 
secondary fluid. The best results obtained were 
11,2 pounds of steam per horse-power for the steam- 
engine alone and the equivalent of but 8.36 pounds per 
horse-power per hour using the combined engine. In 
the test the "waste-heat" engine added 34.2 per cent, 
to the power obtained from the primary engine. 

The steam had a pressure of 171 pounds absolute 
and was superheated to 558^ F. The back pressure on 
the low-pressure cylinder of the steam-engine was about 
2.9 pounds absolute, corresponding to 140° F. The 
SOa cylinder received vapor under pressure of 143 
pounds and exhausted at 48.2 pounds absolute, cor- 
responding to a temperature of 67.8*^ F. 

In round niunbers the latent heat of SO^ is about 
?venth that of water, so that i^ ^o\3i.d T^c^i;e tl 
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vaporization of from 6 to 7 pounds of SOj to condense 
1 pound of steam. 

Fig. 33 shows the ideal cycle for a binary engine of 
this type working between the pressures and tem- 




peratures realized by Prof. .Tosse in the test at Charlot- 
tenburg. 

The steam-engine was triple expansion, and the 
ideal cards for such an engine are shown combined at 
abode. The heat exhausted to the steamrCQiidexssft?:^ 
or SO2 boiler, xr, equals aerm. Ol "CfiNa QfyKc&^ '^sj^ 
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amount hifg is saved by the SOj cylinder theoretically. 
Actually there was a drop in temperatiu*e of about 6° F. 
between the low-pressiu*e steam-cylinder and the SOj 
cylinder, so that the heat area iffi' was either totally 
lost or partially reduced to lower efficiency by wire- 
drawing. 



CHAPTER X. 

LIQUEFACTION OF VAPORS AND GASES. 

Superheated steam of the condition shown at a in 
Fig. 34 might be changed to saturated steam by one 




Fig. 34. 

of two methods. First, it could be kept in a hot bath 
at constant temperatiu*e and the pressiu-e increased 
from Pa to p5, so that its state point would move from 
a to 6. Secondly, it might be kept under constant pres- 
sure Pa (as a weighted piston) and its temperature 
allowed to drop by radiation from ta to tc, so that the 



state point travels from, a \^ c. 
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begin by either process as soon as the stale point reaches 
the dry-^tcam line. 

It is at once evident that the second method is the 
only one always applicable, for the isothermal change 
^^ niiglit take place above the critical temperatm-e and 
^P then no increase of pressure, however great, could 
" result in liquefaction. 

The critical temperature of steam is beyond the 
upper limit of temperature used in engineering, so 
that this is not as clear here as in the case of some 
vapor which superheats at ordinary temperatures, as, 
for example, carbon dioxide. 

Fig* 35 * shows the T^, pv-, Tp-j and i;^-diagrams for 
CX)|* The chief diflFerences between this diagram and 
that for steam lie in the fact that the critical tempera- 
ture is included, thus showing the intersection of the 
liquid' and saturated-vapor curves, and further, that 

bthe vohmie of the liquid is now appreciable with refer- 
ence to that of the vapor and its variation with increas- 
ing pressure and temperature no longer negligible. 

If a (Fig, 35) represent the state point of the super- 
heated COa vapor at the pressure and temperature 
under consideration, isothermal compression will fail to 
produce condensation, although cooling at constant pres- 
sure will produce Uquefication as soon as c is reached. 

♦This diagram is only approximately correct, being based 
upa/i somewhat discrepant data ^ven by Amagat, Eegnault, 
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The ordinary gases, hydrogen, oxygen, nitrogen, etc., 
have their critical points as much below ordinary 




Fig. 35. 

engineering temperatures as that of water is above 
them. 
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Superheated steam at ordinary temperatures could 
be liquefied isothermaUy because its temperature is less 
than that of the critical point; carbonic dioxide at 
ordinan^ atmospheric temperatures could also ordinarily 
be liquefied isothermally because the usual atmospheric 
temperature is less than 31.9° C. (89.4° F.); hydrogen, 
oxygen, etc., cannot be liquefied isothermally simply 
because the atmospheric temperatin^ is far above 
their critical temperatures. The essential factor in 
liquefaction, then, is to reduce the temperature and then 
simply to compress the gas isothermally until lique- 
faction commences. 

Suppose it is desired to Uquefy some carbon dioxide 
some summer day when the temperature of the atmos- 
phere is above its critical temperature. Let the com- 
pression be carried on slowly, so that the heat generated 
may be dissipated by radiation and the process be 
isothermal. Liquefaction will not occur. It will be 
necessary to cool the gas down to the critical tempera- 
ture by some means, physical or chemical. Possibly 
a coil containing cold water will suflBce in this case. 
Proceeding to other substances possessing lower and 
lower critical temperatures, cooling mixtures giving 
lower and low^er temperatiu-e would be required. That 
is, by this method it would never be possible to liquefy 
any substance, however great the pressure applied, 
imless there already existed some soiu*ce of. cold as 
yo w as its critical temperature . Waen Wv^ ' ' \i^TTcvaxv^wt " 
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gases are reached the sources of artificial cold fail, and 
unless the gas may be made to cool itself investigation 
must cease. Any new gas thus liquefied of course in 
turn becomes a new source of cold to aid in further 
investigation. 

Let Fig. 36 represent the T^-diagram of some gas 
having a low critical temperatiu*e. Consider the 



Fig. 33. 



throttling-curve abc. By definition this represents an 
adiabatic change, during which no work is performed; 
i.e., the heat contained in the substance is a constant. 
For this curve the first law of thermodynamics gives 
/7 2 y 2\ 

which becomes 
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that is, the curve represents an irreversible isodynamic 
process in the case of a perfect gas and differs but 
slightly from it for ordinary gases. 

NoWj the internal energy of any substance is defined 
as the summation of the sensible heat and the dis~ 
gregation work, or the kinetic energy of the molecules 
due to their own vibrations plus the potential energy 
due to their mutual positions. Representing these 
quantities by S and / respectively, it follows that 

The work necessary to separate the molecules against 
their mutual attraction must increase with the distance 
between them although the rate of increase is inversely 
as the square of the distance between them. 

As the volume increases the value of / increases 
and hence the value of S must decrease an amount 
equal to 

that is, the temperature of the substance decreases * 
With increasing volume the rate of temperature drop 
decreases so that the curve abc approaches the ^-axi,* 
as an asymptote. Near the satiuation curve, in the 
region of the ^'superheated" vapors, this drop is con- 
siderable, but far to the right of this curve and above 
the critical temperatures these * throttling" curves 
become almost parallel to the (j^axis. The ^'perfect 

*For hydrogen &t ordinary tempetatuTea jw^^— p^t?^ is negative 
»nd greater than ^— /j, so that tbe tenvpetatuTe \uctfee«^s. 
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gas'' is simply the limiting condition in which the 
potential energy has attained its maximum value, or 
rather where any limited change in volume does not 
affect the total value of / appreciably. 
In such a case 

and S.+I^^S^+I^; 

that is, the disgregation change being negligible, the 
isodynamic curves become coincident with the iso- 
thermals. 

In Fig. 36 let aj, Oj, ag, etc., represent a series of such 
throttling-curves. Let a pound of air be taken from 
its initial condition P (representing atmospheric pres- 
sure and temperature) and be compressed isothermally 
to 1. This may be effected by jacketing the cylinder 
walls of the compressor with cold water. If the air 
is then permitted to expand along the throttling-curve 
ttj, the temperature will drop, say, from 1 to 2. The 
air at reduced pressure is fed back to some interme- 
diate stage of the compressor. In some forms of lique- 
fiers the expansion is carried at once down to atmos- 
pheric pressure, thus securing a somewhat greater drop 
in temperature, hud the air is then returned to the 
first stage of the compressor. If this cooled, expanded 
air be made to flow back outside the pipe containing 
wore mr from the compTessoi, \}dl\^ \sx Xxsycx ^^V^ 
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cooled by condtiction to some lower temperature and 
fio will escape from the throttling-valve at pressure p^ 
at some lower temperature (3)_ This will now expand 
along the throttlingcurve ci^ to a still lower tempera- 
tm-e (4), This process is continued until the tempera- 
ture of the issuing jet has fallen below the critical 
temperaturej when Uquefaction will ensue. 

This will evidently occur first in the nozzle, as the 
temperature outside will need to be still further de- 
creased before the air will remain liquid at the reduced 
pressure. The vaporization of the liquid first formed 
tends to still further decrease the temperature of the 
air-tubes, etc. It is probable that at first all of this 
liquid vaporizes ss soon as ejected, but the vaporiza- 
tion of part soon cools down the rest and its surround- 
ings, so that a small portion remains hquid at the 
lower pressure. The back pressure may thus in time 
be reduced to that at P and then the temperature wiU 
be found at which air vaporizes at atmospheric pres- 
sure. 

The expansion of the air thtis provides in itself the 
cooling process needed to reduce the temperature 
lielow the critical point so that sufficient increase of 
pressure may cause liquefaction. 




CHAPTER XI. 

APPLICATION OF THE TEMPERATURE - ENTROPY 
DIAGRAM TO AIR-COMPRESSORS AND REFRIG- 
ERATING-PLANTS. 

In self-acting machines the working fluid is received 
at a high temperature, part of its heat changed into 
work and the remainder exhausted at a lower tem- 
perature. For the reverse operation, work has to be 
performed upon the machine, and the heat equivalent 
of this work added to the heat taken in at low tem- 
perature is rejected at a higher temperatiu*e. Such an 
operation is used to attain one of three results, viz.: 

(1) to store up power for immediate or future use, 

(2) to decrease the heat of the cold body, or (3) to 
increase the heat of the warm body. 

The Compressor. — ^The cycle in the compressor is the 
same for all three cases, viz., the reverse of that in an 
engine, and hence a discussion of the work expended 
in the compressor will be given first. Referring to 
Fig. 37, the cycle is as follows: From a to d the gas 
(or vapor) in the clearance space expands imtil the 
pressure at d falls sufficiently b^\o^ \3Ga*\» m *^5w^ 's^- 
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ply pipe to permit the admission valve to open and 
admit a new supply from d to c. On the return stroke^ 
the entire quantity is compressed along cbj until the 
pressure becomes sufficient to lift the rel^use valve, 
when discharge occurs from 5 to a against the upper 
pressure. The indicator-card thus shows the entire 
cycle of the clearance gas, but only one portion, the 





Fig. 37. 

compression^ of that of the charge. The expansion 
and compression of a gas in a cylinder is more nearly 
adiabatic than that of a saturated vapor, and hence, 
as the temperature of the gas at the end of admission 
is nearly that existing at the end of expansion, the 
expansion and compression of the gas in the clearance 
space may be considered to neutralize each other 
thermodynamically; although mechanically the greater 
the clearance the greater the size of the cylinder neces- 
sary to compress a given amount of gas. Therefore 
all discussion of the effects of clearance will be omitted 
in the following; 
I^ue to the slow conduction oi YieaV m ^^^^^^ W* %a 
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probable that water-jacketing does not cause the com- 
pression to deviate much from adiabatic imtil high 
pressures are reached, with the consequent larger ratio 
of radiating surface to volume. In the above first 
and second cases the gas or vapor is cooled either im- 
avoidably or intentionally to atmospheric temperature 
before being used as a source of power or as a refriger- 
ant, so that any increase of temperature dining com- 
pression represents wasted work. 
In Fig. 38, let ab and ac represent isothermal and 





,<^r—^-' 



Fig. 38. 

frictionless adiabatic compression respectively from 
some lower pressm-e pi to a higher pressure pa- If the 
temperatm-e of the cooling ,water is the same as that 
of the atmosphere, the minimum possible expenditure 
of work in compressing from a to 6 equals that imder 

the isothermal ab, or Pa^a^oRe"* \l, \v<3^^^i^^ "^fea^ 

'Ob 
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compression is adiabatic it will be necessary for the 
delivered air to contract at constant pressure, losing 
by conduction and radiation the heat Cp{tc—tb). That 



■ A. — A 

is, the work^^ ( — j —1 is performed upon the 

gas during compression, as shown imder ac, and the 
work pbiVc-Vh) during contraction in the storage tubes 
or coil, as shown by cb in the pr-diagram. The wasted 
work is thus shown by the area abc, and has the value 



K-l 
PaVg ~ 



K-l 



( :;r ) ~^ -^Phivc -vi) -paVa loge ^ 

L \Pa/ J Pa 



-PaVahge^ 
Pa 



= ACp[r, -rj --ATjicf^a-cf^h]. 

In the T^-diagram the minimum amoimt of heat 
rejected is shown imder ab, while that rejected during 
contraction at constant pressure after adiabatic com- 
pression is shown imder cb, the heat wasted by the 
latter process being shown by acb. li, as is usually 
the case, the compression line lies somewhere between 
these two extremes, the wasted work and heat will be 
represented by some such area as adb. 
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If the cooling water is colder than the atmosphere, 
it is, theoretically at least, possible to reduce the neces- 
sary work by cooling the entering gas at constant 
pressure from a to a', compressing isothermally to V, 
and then permitting the gas to warm up at constant 
volume by taking heat from the atmosphere. The 
work performed and the heat rejected during com- 
pression are represented by the areas imder a'b' in the 
two diagrams, and the work saved by aa'Vh. If the 
compression from a' is along the adiabatic aV, the 
saving over that along ac is shown by the area aa'c^c. 

It is not possible to cool the hot gas very much by 
jacketing, but the waste work may be reduced by 
dividing the compression into two or more stages and 
cooling the gas in intermediate coolers to the initial 
temperature. 

Thus suppose the compression to follow the law 
PiVi^=P2V2^, and to be represented by the curve ac in 
Fig. 39. Instead of completing the compression in one 
cylinder, stop at some intermediate pressin^e px, at d, 
and cool imder constant pressure to e. Continue the 
compression in a second cylinder along ef, and finally 
cool at constant pressure along fb. The wasted work 
or the heat ejected is no longer represented by the 
whole of abc, but by the two portions ade and efb; 
that is, the work or heat saved by compoimding is 
represented by the area cdef. From the diagram it is 
at once evident that this area ap^TO^j^\i<i^ iKt^ ^a* '^•*. 
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approaches either pi or pa? and that there is some inter- 
mediate position which gives the maximum saving. The 




Fig. 39. 



proper value of px is easily found from the expression 
for work 



n-l 



n-l 



W.W^^W^^Jl,.r..[{f) ' .{f-) ■ -2]. 
This expression has its minimiun value when 

i.e., when Piipx^Px- P2, or p^x = Vp^. 

Fig. 40 shows similar diagrams for a three-stage 
compressor with intercoolers. The savmg thus intro- 
duced is shown by the irregular-shaped figure defghc. 
This again varies in magnitude mtli tTaa valaes of 



AIR-COMPRESSORS AND RLFRIGERATING-PLANTS. 99 

Px and py, and in a manner similar to the above 
may be shown to have its maximmn value when 



or 



Pi :px = Px : py = py : P2, 

8/ 



Px = VPi% and pv = VViP2' 
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Compressed Air Used as a Source of Power. — ^Return- 
ing to the first general case where the air is used for 
power, it is necessary first of all to discuss the influence 
of the pipe line which conducts the air from the com- 
pressor to the machine to be operated by the compressed 
air, such as a rock-drill, a penumatic riveter, a com- 
pressed-air motor, etc. The temperature of the pipe 
may be considered as equal to that of the surroimding 
atmosphere and hence constant. The heat generated 
by friction is thus at once dissipated by conduction, 
and there thus results an isothermal drop of pressure 
and increase of volume. 

Thus, if abode, Fig. 41 , represeivl Vlt^^^ ^^.^ajj^ ^V^v^cir. ^sss. 
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1 



through the compressor, ef shows the loss experienced 
by the air in flowing from the compressor to the engine. 
Suppose the air at / to expand acliabatically in the motor 
dowTi to back pressure, the amount of work performed 
will be equal to the area under fg ui the piMliagram. 
The exhaust air is now warmed to the initial tempera- 
ture along the constant preflsure-eurve ga^ thus per- 




I 



forming upon the atmosphere the work imder ga in 
the pi>-planej and receives from the atmosphere the 
heat under ga in the T^plane. The maximum amount 
of work could be obtained from such an engine if the 
expansion were along the isothermal fa. This can be 
partially attained by jacketing with water at atmos- 
pheric temperature, so that the actual expansion-curve 
lies somewhere between these two limiting cases, as at 
fg'. A further gain could be made by compounding 
the engine and heating the air up to atmospheric tem- 
pemtaw In the intermediate leceWen^ as mdieated by 
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Such a means of obtaining power is not economital, 
but has many practical justifications, as, for example, 
in underground work, where exhaust-steam would be 
disadvantageous, or for long-distance transmission, 
where steam would be wasteful, due to condensation 
losses, etc. 

Refrigeratmg plants may be subdivided under three 
heads: those using a compressor with (1) air or (2) some 
saturated vapor — usually ammonia — ^as the agent, and 
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(3) absorption plants. The last will not be discussed 
here. 

Air Refrigeration. — In air refrigeratiiv?, xjlaxj^ ^.W. 
work performed during expaxisvan Sa* \io Vs^i^ "^^^^ 
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main object, as in the case just discussed, but is simply 
a means of obtaining the desired end, viz., a sufficient 
drop in the temperature of the air. The essential parts 
of such a eysteiB are shown in Fig. 42. The com- 
pressor A takes its supply of air from the atmosphere 
and discharges the compressed air into the cooling coil 
Bj where temperature and volume are both decreased 
at constant pressure. The cold air now passes into C, 
and in expanding helps to operate the compressor. 
The expanded air is delivered at low temperature and 
atmospheric pressure to the refrigerator-room, and as 
it passes tlu'ough D its temperature increases and 
reaches that of D by the time it leaves at the right. 
The cycle of the air is completed by warming to the ini- 
tial atmospheric temperature outside of the refrigerator. 
The expansion in C being used to attain low tem- 
perature instea^l of work, care is taken not to heat the 
air during expansion, so that the expansion may be as 
nearly adiabatic as possible. In Fig. 43^ let anb rep- 
resent the passage of the air through a two-stage com- 
pressor A and the cooling tank S. During the expan- 
sion fcc, in the working cylinder C, the temperature of 
the air drops below that maintained in the refrigerator 
Trj the air being delivered at pressure pa. As the tnm- 
perature of the air increases along the constant-pres- 
sure ciu've ca, it extracts from the refrigerator the heat 
under the curve cd, in the T^-pIane. The heat under 
ish, necessary to complete the cyc\e/va oXiXiSAsie^ Vt'^m 
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the atmosphere. That is, the refrigerating effect cdef 
is attained by the expenditure of the work abcda. If 
the compressor has but one stage, amb, the efficiency 
will be correspondingly less. 

These machines are not economical, chiefly because 
the specific heat of air is so small that large quantities 
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Fig. 43. 



must be compressed to effect the desired refrigeration, 
thus necessitating large machines with large friction 
losses. Such plants are still used in places where it 
is more essential to guard against danger arising from 
the leakage of fluids, such as ammonia, than to install 
the most economical plant, as, for example, on war 
vessels. 

Ammonia Refrigerating Plant. — ^A complete cycle of 
the working fluid in the second class of refrigerating 
plants, where a saturated vapoi \^ >3iSfc^, ^^^et'^ \siS2yMb- 
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riuUy from the* above, as the substance is condensed and 
vaporized during the process. The more commonly 
used fluids are ammonia, carbon dioxide, and sulphur 
dioxide; f^mmonia being used most generally. 

Fig. 44 shows diagrammatically the essential features 
of an ammonia refrigerating plant. It consists of (1) a 




Fig. 41. 

compressor which takes the low-pressure vapor from 
the refrigerator coils and delivers it at some higher 
pressure, (2) a condenser consisting of a series of coils 
in which the hot gas is cooled until it liquefies, (3) a 
storage-tank containing a supply of ammonia which 
remains liquefied imder the high pressure at atmos- 
pharic temperature, (4) an expansion-valve from which 
iJjo liquid emerges under reduced ptcssmt^, ^tA ^^ >0^^ 
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refrigerator coils in which the Hquid, under reduced 
pressure, is vaporized by withdrawing the necessary 
heat from its surroundings. The high pressure pre- 
vails from the delivery-valve of the compressor to thfe 
expansion- valve, and low pressure from the lower side 
of the reducing-valve to the admission-valves of the 
compressor. 

The refrigerator coils may be used directly, thus 
bringing the temperature of the surroundings down 
near the boiling temperature of the liquid, or, if such 
a low temperature is not desired, the coils may pass 
through a bath, as of brine, and reduce this to the 
desired temperature. The cold brine is then circulated 
through the refrigerator. This latter method gives a 
more nearly constant temperature. The least move- 
ment of the expansion- valve causes variations in the 
back pressure, and hence in the boiling temperature 
of the ammonia, which would affect the surrounding 
air if used directly, but which would be absorbed by 
the large heat capacity of the brine. The direct sys- 
tem is, however, simpler and less expensive to install 
and to maintain. 

As long as any liquid remains unvaporized in the 
refrigerator coils these will remain at the temperature 
of vaporization, but afterwards the pipes assume the 
higher temperature of the bath or surrounding atmos- 
phere, and then begin to superheat the vapor at con- 
stant pressure. This 8uper\\eaWii% Sa ^^5Sl ^xisJ^i^^:^ '>5Nr 
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creased in the pipe leading back to the compressor. 
After leavTBg the compressor the highly superheated 
■ \^apor passes to the condenser, losing part of its super- 
heat at constant pressure on the way. This process 
is finished in the condenser, and then the vapor begins 
to Uquefy at the temperature corresponding to the higli 
pressure. The liquid finally emerges cooled to the 
temperature of the cooling water and collects in the 
storagetank above the expansion-valve ready for a 
new cycle. 
The corr^ponding jw- and T^yeles are shown in 



I 




Fig, 45. ah represents the passage of the liquid through 
the expansion-valve along a constant^heat curve, dur- 

' ing which a portion of the liquid r" is vaporized and 
the refrigerBtive power of its Wqu^lac^^AOTL eL^\x(:>^esl\ 
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be represents the vaporization of the remainder of the 
liquid; cd, the superheating of the vapor during the 
last part of the refrigerator coils and the return pipe 
to the compressor; cfe' represents the compression, and 
e'hj the loss of superheat by conduction, radiation, etc., 
as the hot gas flows along the pipe to the condenser. 
If the compressor were two-stage, with intermediate 
cooling down to atmospheric temperature, the path 
followed would be defgh. The liquefaction is repre- 
sented by hi, and the further cooling of the liquid down 
to atmospheric temperature by ia. 

To decrease the work required to compress the gas, 
attempts are made in various types of compressors to 
cool it during compression by the use of water-jackets 
or by the direct injection into the cylinder of either 
liquid ammonia or oil. In such cases the compression 
is no longer adiabatic, but of the form pv^^piV^^, 
where n will depend in any given case upon the amount 
of heat extracted by the jackets or absorbed by the 
injected fluid. 

The temperature of the entering vapor is usually 
considerably lower than that of the cooling water, so 
that heat is radiated only during the latter part of the 
stroke, when the temperature of the vapor greatly ex- 
ceeds that of the water. The compression line of 
indicator-cards from such compressors should there- 
fore approximate closely the adiabatic curve drawn 
through the commencement oi \Jtife qotm^\^^^^x '^^^^t^ 
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aiid shoulil begin to fall below it more and more only 
as the tlischarge pressure is approached 

If oil of the same temperature as the entering vapor 
is injected! into the cylinder, it can affect the temper- 
ature only by absorbmg heat as the gas is compressed, 
Tlie specific heat of the oil is greater than that of the 
cylinder walls, and possibly conduction occurs some- 
what more rapidly from vapor to oil and then oil to 
metal than it would directly from vapor to metal, 
especially if the oil is in a finely divided state. This 
can only result in changing slightly the exponent n of 
the compression cm-ve pi^" = p{Vj^. 

The effect of injecting Hquid ammonia is difficult to 
ilescribe in general terms, as the results will differ 
according to the quantity injected and the various 
tempera tm-es of the liquid, vapor, and cylinder walls. 
If the cylinder w^alls are assumed to be non-conductr 
ing and the injected liquid is previously cooled to the 
temperature of the refrigerator, the superheated vapor 
will then lose its superheat and in so doing suffer a 
drop in pressure, as the cylinder volume is momen- 
tarily constant. At the same time, however, the in- 
jected liquid will be partially vaporized^ incre^ased in 
volmoe, £tnd thus effect an increase in pressure. The 
ret^ultant effect in this case would undoubtedly be a 
net reduction of pressure and thus decrease the work 
o! compression. As, how^ever, the cylinder walls are 
£uod conductors when In contaet \v\l\i *a \\t^\^i^ ^liViXM^ 
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of the ammonia might thus be vaporized to produce a 
net increase in pressure. If the liquid is injected at^ 
the same temperature as the entering vapors, it is at 
a higher temperature than that of saturated vapor at 
the prevailing pressure, and hence will partially vapor- 
ize until a condition of equilibrium is established. What 
the final conditions of pressure and temperature will 
be will evidently depend upon the relative weights of 
liquid and vapor, the pressure, and the temperatures 
of vapor, liquid, and cylinder. In either of the above 
assimiptions, if the resultant pressure is less and part 
of the liquid still remams unevaporated, the work of 
compression would be still further decreased, as satu- 
rated vapors transmit heat to the cylinder walls more 
rapidly than superheated vapors. 

If the liquid is injected into the suction-pipe of the 
compressor, it will expand at the prevailing back 
pressure and reduce the temperature down to that 
corresponding to that pressure. Whether or not there 
results a net diminution in volume must depend upon 
the amoimt injected and the quantity of heat received 
from external sources. Although the work may or 
may not be decreased, accordmg to circiunstances, the 
temperature will at least be decreased, and thus the 
amount of necessary cooling water diminished. 

It is theoretically possible to effect a further saving 
in liquid refrigerating plants by changing from the 
throttling-curve ab (Fig. 45) to a frvcUowk^ iad\abb.^\R» 
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('xpansion «!>'; that is, by replacing the expansion- 
valve with an auxiliary cylinder and thus utilize the 
expaoi^ive force of the ammonia to help run the com- 
[>ressor. The refrigerative power of the ammonia 
would be increased at the same time, since the amount 
vaporized during expansion would be decreased from 
kh to kV. It is possible that the mechanical com- 
plications thus introduced would more than counter- 
balance the thermodynamic sa\"ings. 

It has also been suggested that the loss in refriger- 
ative power occasioned by the expansion ah could be 
dinunished by reducing the temperature of the liquid 
at the point a. Thus the gas in passing from the 
refrigerator to the compressor absorbs from the atmos^ 
phere the heat represented by the area under M. If 
such a loss is unavoidable^ it could be neutralized by 
jacketing the return pipe with the liquid ammonia 
about to be fed to the refrigerator^ thus reducing the 
temperature of the latter from a to a^ and so decreas- 
ing the amount vaporized by expansion from kh to 
kb'\ 

The Warming-engine.— The third possibility of the 
reversed cycle, 'V'lz.j the utilization of the heat deliv- 
era! at the upper temperature for heating, was pointed 
out by Lord Kelvin; the idea being that given^ say, 
a definite quantity of steam for heating purposes a 
greater heating effect could be obtained by utilizing 
the steBm to run an engine and eompx^j^ax ^^^^\ft 
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and then diverting the exhaust-steam of the engine 
and the heated fluid of the compressor to heating pur- 
poses than by a direct application of the steam itself. 
The explanation of this fact is that in the one case 
the availability of the heat to perform work at the high 
temperature is utilized, while in the other it is lost. 
When heat is transferred by conduction, radiation, etc., 
from a hot body to a colder body, the entropy of the 
hot body decreases and that of the cold body increases. 

As the decrease, -jpTy is less than the increase, -y/Ty it 

i 1 i 2 

follows that there is a net increase in the entropy of 
the system equal to JQ\ Tpr^TjT L 

With the given quantities of heat Qi and Q2 ^^ th© 
hot and cold bodies initially, the resultant uniform 
temperature T, will depend upon the entropy of the 
system, since Qi'\rQ2'=T^'^3' The smaller ^3 the 
greater will be the value of T^ for a given quantity of 
the cold body; or, if Tj is a fixed temperature to which 
the cold body is to be raised, the smaller the entropy 
of the cold body the greater the quantity which could 
be raised to this temperature. 

Hence any means of reducing the increase of entropy 

JQ\ Tjr—TfT will increase the number of pounds of the 

cold body which can be raised to the desired tempera- 
ture. The maximmn value is evidently attained ^\se:oi. 
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•^Q\ W — rp- =0. This is possible in two ways: (1) iso- 
thermal transfer, during which the entropy of one part 
of the system decreases as fast as that of the remainder 
increases; or (2) by isentropic transfer changmg heat 
into work and then back to heat again, by which means 
the entropy of each part of the system remains un- 
changed and the temperatm-e of the hot body is 
decreased while that of the cold body is raised by 
(juantities inversely proportional to the entropies of 
the two bodies. Evidently only the second form is 
appUcable here. Let us discuss the ideal case where 
radiation losses do not exist. 

Let Ti be the temperature of a limited supply of heat, 
Qi, and Tz that of an unlimited supply, say, of the at- 
mosphere, and Tg some intermediate temperature to 
which a room is to be warmed. A Carnot engine work- 

T —T 

ing between T^ and T^ would perform the work Qx^hp — ^ 

T 

and reject the heat Qi^. Suppose this work to be 

^ 1 

expended upon an air-compressor, heating the air from 
T2 to Tg. As the entropy of the air does not increase 
during adiabatic compression, the entropy of the air so 
compressed must be equal to the heat added during 
compression divided by the increase in temperature, or 
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hence the supply of au* taken into the compressor must 
have contained the heat 

^2 ~ -^ 2 * 92 ~ Vim" • m _m • 

The heat contained in the hot air at temperature T^ 
will then be 

rp rp rp rp rp 

which could also be obtained by multiplying the uni- 
form entropy of the air by the final temperature T^ Thus 

The total quantity of heat delivered to the room thus 
becomes the sum of that rejected by both engine and 
compressor, or 

fp fp rp rp rp 

The increase in heating power over that obtained by 
the use of the steam alone is thus 

fp rp ___fp fp rp rp 

Vg Vi~Vim rp __rp Vl V:\m m _ttv "M.'w 
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or equal to the heat contained in the air originally. An 
examination of this last formula shows that if the upper 
and lower temperatures, T^ and T^, are fixed, the gain 
will be greater the smaller the value of T^, so that when 
the range T^ — T^ is smaU the gain may be many times 
the original quantity of heat. The gain Q^—Qi repre- 
sents the extreme difference obtained by supposing in 
one case all the availability to be utUiaied and in the 
other that none of it is utilized, or that the hot body 
simply expanded along a constant heat-curve until T^ 
is reached, thus sufferiijg an increase of its own entropy. 
In practice the actual difference would be dirainished 
from both sides, the maximum value of Q^ being im- 
possible to attain, due to radiation, conduction, and 
friction losses, and the minimum value Qi would always 
be exceeded, as the heat contained in the air would be 
partially utilized. 

This maximum gain, Q^—Qu can be illustrated by 
means of the Tf^-diagram, as shown in Fig, 46. Let ab 
represent the quantity of heat Qi at the temperature 
Ti. T^ is the temperature of the atmosphere and T^ 
that in the room. A Carnot engine working between 
T^ and T^ would perform the work ac and exhaust the 
heat dbj the temperature of the exhaust having been 
I lowered from T^ to T^, but the entropy remaining con- 
I stant at a'b. If no work is performed, but the hot body 
B permitted to exj^and along the constant heat-curv^e H^ 
M tAe heuting effect at T^ will be de - ab -=Q v ^^ ^^ ^^^ 
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resent the change in the condition of the air at the left 
of the line (wf. Let mn{=ac) represent the work of 
the compressor in heat-units. As this has to bridge 
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Fig. 46. 

over the temperature interval T^—T2, its width or 

CLC 

entropy will be fa'^yf, — ^. The heat originally con- 

tained in the air thus compressed is therefore shown 
by n}. The total heating effect Va \\i\3a W -vSfe^^^J^^ 
is greater than de by the area uf . 
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To determme the position of the point m, it is con- 
venient to construct the rectangular hyperbola as pass- 
ing through a, and so proportioned that when inter- 
sected by isot hernials T^, T/, etc., the rectangles mn^ 
m'Uj etc., thus determined will be equal to the work 
performed by the Carnot engine, ac, ac\ etc., respec- 
tively. 

It should be noticed that as 7"^ approaches T^j the 
quantity of heat nf, nfj etc., utilized from the atmos- 
phere increases indefinitely. '^When, therefore," to 
quote the words of Prof. Cotterill, ** we warm our houses 
by the direct action of heat from combustible bodies, we 
waste by far the greater part of it by making no use of 
the high temperature at which the heat is generated, a 
small quantity of heat at high temperature being ideally 
capable of raising a large quantity to a moderate tem- 
perature." 

" It is interesting, and may some day be useful/' says 
Prof. Ewing, " to recognize that even the most econom- 
ical of the usual methods employed to heat buildings, 
with all their advantages in respect of simplicity and 
absence of mechanism, are in the thermodynamic 
sense spendthrift modes of treating fuel." 
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CHAPTER XII. 

THE TEMPERATURE-ENTROPY DIAGRAM OF THE 
ACTUAL STEAM-ENGINE CYCLE. 

The Rankine cycle is based upon the following as- 
sumptions: 

(1) Non-conducting cylinder walls and piston; 

(2) Isentropic expansion to the back pressure; 

(3) Instantaneous action of the valves; 

(4) No leakage by the piston and the valves. 

From the first two conditions it follows that the size 
of the clearance space is immaterial. 

Referring to the actual steam-engine, we find that 
the conductivity of the metal produces initial conden- 
sation and reevaporation losses, and that the expansion 
can be carried to back pressure only by reducing the 
efficiency. The size of the clearance must therefore be 
considered, because the cycle of the clearance steam will 
affect the economy. The valves are not instantaneous 
in action, and leakage always occurs by both piston and 
valves. The Rankine cycle is thus unattainable in 
practice and is but an ideal which the actual engine 
strives to approximate. 
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The amount of condensation and reevaporation is 
the result of so many factors, that to detennine the 
influence of each by the ordinary methods of compari- 
son would require too much time and money* Hence 
to aid in evoUHng a theory of the steam-engine which 
sliall account for all heat losses and interchanges, some 
convenient form of analysis must be adopted by which 
the losses for any single test may be investigated. 

Him's analysis makes possible the determination of 
the net heat changes occurring between admission and 
cut-off, cut-off and release, release and compression, and 
compression and admission, but does not give informa- 
tion as to the actual direction of heat-transference at 
any moment- Fortunately, the IT^-diagrani offers a 
graphical solution equivalent to that of Hirn's analysis, 
and also makes clear the direction in which the inter- 
change of heat is occurring at any point. Before 
a r<^-projection of an indicator-card can be made, 
it will be necessary to discuss at length the different 
lines of the card in order to determine exactly what 
each represents. 

The Admission Line of tlie Indicator-card- — ^During 
admission the steam is not at a uniform temperature 
and pressure. Part is still in the steam-pipe under 
boiler pressure, part has passed through the valve-chest 
and steam-ports, and has already entered the cylinder, 
am! Mi}} a third portion is in the process of transition. 
//J geiiend, the surrounding melai. \^ ^;^\^ftx \)£\sj^ ^O&a 
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steam, so that a continual loss of heat is experienced 
resulting in condensation and decrease of volume and 
entropy. To this is added the further effect of wire- 
drawing, due to too small steam passages and to the 
throttling effect when the valve is opening and closing, 
producing a drop of pressure and increase of both spe- 
cific volume and entropy. It is probable that each 
particle of steam follows its own path in passing from 
the steam-pipe into the cylinder up to the point of cut- 
off. Thus the admission line of the indicator-card is 
not the pv-history of the entire quantity of steam nor 
of any particular part of it, and is only a record of the 
pressure exerted from moment to moment by the vary- 
ing quantity of steam confined in the cylinder. Hence 
in projecting the admission-curve into the T^-plane it 
must be remembered that the projection does not rep- 
resent the T^-history of any portion of the steam, but 
is simply a reproduction of each individual point of the 
pi;-curve. 

Let a'c' (Fig. 47) represent the T^-projection of the 
admission line of an indicator-card, while b represents 
the state point of the steam in the steam-pipe. But 
for the various losses the admission line would have 
been ab, which represents the actual path followed by 
the steam in the boiler. If, for a moment, we consider 
the admission to represent a reversible process, the 
area under a^c' will represent the heat received during, 
this process. Hence tlie area dbb^Cvd ol ^^^-^^^eci^.^ "^^^^^ 
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difference between the heat contained per pound of 
steam in the boiler, and the amount realized per pound 
in the cylinder, or the losses due to initial condensation 
and wire-drawing. The former would simply result in 
the condensation of part of the steam, thus causing the 
value of X to diminish frpm & to c, or possibly to some 
point slightly to the left of c; the latter would cause a 




Fig. 47. 

drop in pressure and increase of entropy, moving the 
state point to c/. Due to the impossibility of distin- 
guishing accm-ately between these two opposing fac- 
tors, one tending to decrease, the other to increase the 
entropy, the area cbbiCi is taken to represent the loss 
due to initial condensation, and the area accfa^ to repre- 
sent the loss or reduction m e^^dexverj due to friction 
and wire'drawing. 
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TJie Expansion Line of the Indicator-card. — If we 

assume that the leakage by piston and valves is negli- 
gible during expansion, the expansion-curve between 
cut-off and release represents the continuous pv-history 
of the entire quantity of steam contained in the cylin- 
der; that is, of the cylinder feed plus the clearance 
steam. The temperature of the steam throughout the 
cylinder is not uniform, as heat-conduction is occurring 
between the steam and the metal, so that the indicator 
records but the average pressure due to these variable 
temperatiu-es. Hence the T^-projection will give but 
average values of the T^hanges during expansion. 

Since there is no appreciable friction of the steam 
against the metal, as during admission, it follows that 
neglecting the inequalities in the temperature of the 
steam, there is no reduction of the heat efficiency of 
the steam due to internal irreversible processes, and 
thus any increase or decrease of the entropy of the 
steam must result from heat-transferences between the 
steam and the surrounding metal. If adiabatic, the 
curve would here be isentropic, but as the steam is at 
first hotter than the cylinder walls, the flow of heat is 
from steam to metal, thus causing an increase in the 
entropy of the metal and a decrease in that of the 
steam. 

The expansion line thus assumes at the start some 
such form as c'd, becoming steeper as the temperature 
drops, and just at the motaenl ^Jte X^sax^^x'^V^^^^ ^'v>c>^^ 
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eteam and the walla are the same it becomes isentropic* 
From this point, d, on to release at e, the heat transfer 
is from metal to steam, so that the entropy of the latter 

I now increases and the cm^ve slants to the right. 
The ideal engine, supplied with steam of condition c', 
would expand isentropically along c^c^ to the back pres- 
sure at L Hence the area c'ddtC^f under the first part 
of the expansion-curvej represents the loss of heat due 
to conduction. Again, the ideal engine, supplied with 
steam of condition d, would expand isentropieally to k. 
The area under de^ for the actual engine, thus repre- 
sents a gain due to the heat returned by the walls. It 
should be noted that the heat thus regained is restored 
at a lower temperature than that at which it was lost, 
and hence at a lower efficiency. 

The Exhaust Line of the Iiidicator-card,^ — Let us con- 
sider first the case where the expansion is carried dowm 
to back pressure* The ideal engine, supplied with 
steam of quality e, would expand along ee^ down to the 
pressure in the condenser and then condense along m^. 
The actual engine, due to the resistance of the exhaust 
ports, etc., would expand to some pressure, as i, greater 
than that in the condenser and would then exhaust 
along lg\ The area Ig'gnt would thus represent the 
B loss of heat due to throttling during exliaust. 

If the release-valve opens at e before back pressure 
h reached, the phenomena are as follows: As the valve 
, s^/irls to open steam l>eglns to escape bxv^ '^a v\\\q\n\^ 
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down to the condenser pressure; as the valve continues 
to open the escape becomes more rapid until the back 
pressure is established. Then on the return stroke more 
steam is forced out against the back pressure, and near 
the end, as the exhaust-valve begins to close, there is 
a slight rise in pressure and a small quantity escapes, 
suffering reduction in eflSciency by throttling. As the 
valve closes, all the cylinder feed has escaped, and only 
the clearance steam remains. It is necessary to note 
that the exhaust line of the card records the pressure 
of the steam still in the cylinder at any moment and 
gives no information whatever as to its condition, or 
of the condition of that portion already exhausted. 
Thus part of the steam has already reached the con- 
denser (or in the case of a multiple-expansion engine 
the following cylinder or intermediate receiver), and 
has already parted with some of its heat, while that 
still in the cylinder, being at a lower temperature than 
the cylinder walls, is receiving heat and losing its mois- 
ture and may sometimes at compression have become 
even superheated. The last part of the exhaust-steam 
will necessarily have to retrace part of this thermody- 
namic process on reaching the condenser, or upon min- 
gling with the rest of the steam in the following receiver 
or cylinder. 

The exhaust line of the card does not represent the 
pv-history of any definite quantity of steam, but is sim- 
ply a pressure record of coiil\iv>i8)St^ n^x^\x\5^ ^^jc^sssi&iws^^ 




124 THE TEMPEBATURE-ENTEO 

confintxi in a coastantly cliriuriishiiig volume. It does^ 
however^ represent the amount of work required to 
discharge the steam, and in that sense the area under 
its r^projection will represent the total heat dis- 
charged. 

In the case of the ideal engine, the exliaust line, e/ff, 
divides into two partSj ef and fg^ equivalent to decreaa? 
of pressure at constant volume and to decrease of vol- 
ume at constant pressure respectively. The heat re- 
jected is represented by the total area under efg, and 
exceeds that rejected after complete expansion to the 
back pressure by efnij which thus represents the extra 
loss incurred by incomplete expansion. The exhaust 
line for the actual indicator-card will be some such 
cur^'e as efg'^ where the area efl show^s the loss due to 
incomplete expansion^ and lg'g7n the loss due to throt- 
tling, friction, etc. 

The Compression Line of the Indicator-card. — The 
compression-curve, from the closing of the exhaust- 
valve up to the moment of admission^ gives the jw- 
history of the clearance steam, and, if no leakage is 
assumed, the T^projection w^ill thus be the actual 
r^-history of a definite quantity of steam. As the 
pressure increases the curve deviates more and more 
i-apidly from the adiabatic, due to the increasing effect 
of conduction losses, and on some cards may become 
/jp/jj-Jj isothormaL In such cases it is probable that 
&e iissmnpiion of dry steam al compve^xQw "\sb \wv:ici\- 
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rect, the presence of moisture helping to explain the 
rapid loss of heat. 

During the interval between the opening of the ad- 
mission-valve and the attainment of initial pressure 
the time interval is so small that probably the assump- 
tion of adiabatic compression of the clearance steam 
would not be greatly wrong. The gain in heat thus 
incurred must be at once lost by condensation during 
the first part of the admission, but it is impossible to 
determine the history of this change. 

To obtain the T^-projection of the compression- 
curve, the saturation-curve for the weight of clearance 
steam should be drawn through the point of compres- 
sion (assuming dry steam at compression) and the 
projection performed as previously described. The 
curve will assume some such form as pg, which may 
or may not, according to circumstances, have its course 
partially or wholly in the saturated or superheated 
regions. In any case the area imder the curve, when 
reduced to the proper ratio, shows the heat lost to the 
walls during compression, and, if the horizontal line of 
the indicator-card is established at g, gives a general 
idea of the temperature of the cylinder at the moment 
of admission, and hence a measure of the heat neces- 
sary to bring the cylinder up to the temperature of 
the entering steam. Except for this one feature, the 
cycle of the clearance steam is imimportant, as all 
(he losses occasioned by \l ViSV \i^ \ftsvxi&fe^^$iw\s^ "^^ 
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difference between the cycle for mi ideal engine, 
working between the given pressures in the steam 
pipe and condenser, and the T^-plot of the actual 
card. 

The Imdicator-card. — Considered as a whole, the indi- 
cator-card furnishes the following information. The 
admission line and the exhaust hne simply represent 
the pressure of part of the steam, but do not give any 
information regarding the specific volume. On the 
other band, both the expansion and the compression 
lines give the history of definite quantities of steam. 
Thus both the expansion and compression of the 
clearance steam are recorded ^ while only the expan- 
sion of the cylinder feed appears, the compression of 
the latter occurring in the boiler. The entire card, if 
plotted directly, can at the best be considered only as 
the heat equivalent of the work done, but not as the 
r^history of any closed cycle. Thus, for example 
while the projection of the exhaust line gives some such 
curve as efg\ which on the Ti^-chart indicates con- 
densation, it is probable that the value of x of the con- 
fined steam is actually increasing. 

The difficulties involved in the proper interpretation 
of the irreversible portions of the indicator-card have 
led different investigators to make certain assumptions 
as to the influence of the clearance steam and as to the 
passihiVity of replacing the actual curves by equivalent 
? versible processes. 
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The Clearance Steam Considered as an Elastic Cushion. 
-^During expansion the clearance steam follows the 
same laws and variations as the cylinder feed, and this 
in general is not the reverse of its history during com- 
pression. Thus the cycle of the clearance steam, if it 
could be drawn, would enclose an area representing 
either positive or negative work. This cycle would 
then be of especial interest in determining losses ex- 
perienced by the clearance steam, but as these losses 
must eventually be charged against the entering steam, 
the total effect upon the eflBciency would be the same 
if the clearance steam were considered as an isolated 
elastic cushion expanded and compressed along the 
same adiabatic. If, then, an adiabatic is drawn through 
the point of compression on the indicator-card, the 
horizontal distance from any point on this adiabatic to 
the corresponding point on the indicator-card shows 
the volume which the cylinder feed would occupy 
imder the above assumptions. Taking this adiabatic 
as the line of zero volume, a diagram can thus be con- 
structed which shows only the variations of the cylinder 
feed. It is then only necessary to draw on the satura- 
tion-curve for the weight of steam fed to the cylinder 
per stroke and the card can be at once projected into 
the r^-plane. This is, in its essential points, the 
method adopted by Prof. Reeve in his book on the 
Thermodynamics of Heat Engines, although he changes 
volumes so that the recorvsXiiMcX,^^ ^^^ ^^^^-^^'ssx^^ 
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the pr-history of one pound of cylinder feed instead 
of the actual weight in the cylinder. To project his 
reconstructed card into the T^plane, it is only nec- 
essary to draw the saturation-curve for one pound of 
steam instead of that for the pounds fed per stroke. 
Inasmuch as the T^projection will be the same in 
either case it seems somewhat simpler to adopt the 
first method, ^^2., to construct the saturation-ciu^e for 
the number of poimds in the cylinder rather than to 
redraw the diagram to correspond to one pound of 
cylinder feed. 

This method undoubtedly makes possible a deter- 
mination of the general magnitude and character of the 
various heat interchanges, but is open to the following 
objections. 

The compression line of the card refers to the clear- 
ance steam alone, so that the deviations from the adia- 
batic thus obtained refer to itself and not to the cylin- 
der feed. Furthermore, the reconstructed curv^ may 
actually pass to the left of the water line, assuming 
imaginary values on the T^-plane, and thus give a 
wrong conception of the condition of this steam, which, 
instead of being wet, is usually dry or superheated, and 
lies to the right of the expansion line. Again, the ex- 
pansion line no longer represents the actual pv- or 
T^-history of the steam, but an imaginary history which 
the cylinder feed might have if the clearance steam 
expanded adiabatically. TYie exvWi^ e,^Tdi\)tt»a»\i^^\jaeja 
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to a certain extent imaginary, and in so far is unde- 
sirable. 

The Indicator-card Considered as a Reversible Cycle. 
— ^The area of the card gives the heat changed into work, 
and this same result may be attained by assuming the 
clearance steam and cylinder feed to remain in the 
cylinder, being heated and cooled by external means 
and thus caused to expand and contract along a rever- 
sible cycle coincident in shape with the actual card. 
The original card may thus be projected into the T^- 
plane as soon as the saturation-curve for the total 
weight of steam has been drawn on it. The expansion 
line represents the actual history of the substance, but 
the compression line is entirely imaginary. 

This method was adopted by Prof. Boulvin m his 
book, The Entropy Diagram, from which the following 
two illustrations are copied, with but slight alterations. 
ABODEFy in Fig. 48, represents the T^-projection of 
a certain indicator-card. The line DE represents the 
actual expansion history of the total steam; the other 
lines give more or less imaginary values. The small 
diagram at the right is used to interpret the compres- 
sion line AB. If W and w represent the pounds of 
cylinder feed and clearance steam respectively per 
revolution, the large diagram represents the cycle of 
W+w pounds of the mixture, while the small diagram 
represents the entropy of w pounds. Assuming dr^ 
steam at compression, ttve Yvea\, t^\^^\,^^ Vj •vft ^^'^nssv^ 
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during compression is shown by area ahh^a^. The 
entropy affiL^A^A is that due to the vaporization of 
w pounds of water, so that AG must represent that for 
the W pounds of cyhnder feed. Through A and G it 
is then possible to draw the water line AL and the 
dry-steam line GX for W pounds. The cycle for the 




Fig. 48. 

Rankine engine using W poimds per revolution is rep- 
resented by ALXHj so that the efficiency of the actual 
engine as compared with that of the ideal engine is 

ABCDEF 
ALXH • 



In Fig. 49, let V and L be the liquid lines of W and 
^-/-i^ pounds respectively J and let L" \ie d^^^TLNJraoxi^ 
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the point of compression a parallel to U; and let S and 
/S' be the dry-steam lines corresponding to the water 
lines L and L". As is evident from Fig. 48, the hori- 
zontal distance between the liquid line A^Cq and the 
compression line AB is equal to the entropy of vapori- 
zation of the clearance steam (for example, ^o4 = aoa, 
BQB = bob). In Fig. 49 the horizontal distance between 
U and L represents the entropy for W+w—W or w 



\L^ )!' 




Fig. 49. 



pounds of water. Therefore the horizontal distance 
from U to the compression-curve db represents the 
total entropy of the clearance steam. a'U is thus the 
curve of zero entropy for the clearance steam, and any 
curves, such as rib and aU% parallel to a'U represent 
isentropic changes. The heat rejected along db is thus 
shown by ahnn^a^ without the help of any auxiliary 
diagram. 
a^aU^SW represents tte lae^l lecm^^''^^^ ^'^<JSfc^s^*^^'^K» 
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W pounds of cylinder feed, abcdef represents the heat 
utilized, so that the diffejence, M, represents the total 
heat losses. These consist of the exhaust-heat a^aeeu 
the heat lost durmg compression abnUiaj^j and the heat 
lost during admission. The heat refunded during ex- 
pansion is represented by dee^d^^ Hence the heat lost 
during admission equals 

M — a^oefii —abnUjCii -\-dee^d=cU'g€dd^rS^c —n^nhgaa^. 

If the condition of the steam is desired at any point 
of the expansion de, it is found by reference to the lines 
L and S and not with reference to i" and S\ Hence 
the initial condensation changed the state point from 
S to rf'j so that this loss is represented by the area 
under Sd* and not by that under S'd'. Subtracting 
this from the total loss during admission there is left 



cU'gcdd' ^SSj-S^ —n^r^goja^ 



as the heat losses due to wire-drawing and friction. 

This method is simple and easy of application, as it 
requires the construction of only two extra curves, V 
and S\ Furthermore it gives a very complete account 
of the clearance steam. The only objection, appar- 
ently, is that, with the exception of the expansion line 
ddf it gives an entirely false idea of the cycle of the cyl- 
inder feedj as this in reality is entirely condensed an<l 
then heated along aU' in the bo^iei. 
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If the cylinder is jacketed, the heat given out by the 
jacket steam may be indicated at the right of XH 
(Fig. 48), as shown imder XJ, Further, if the radiation 
loss is known, it may be represented imder JR, and 
then the remaining area under XR will represent the 
heat given by the jackets to the steam in the cylinder. 

Separate Cycles for the Cylinder Feed and the Clear- 
ance Steam. — ^Whatever the assimiptions made with 
reference to the card, its total area must not be changed. 
Thus, even if an attempt is made to draw separate 
cycles for both cylinder feed and clearance steam, the 
compression line of the resultant cylinder-feed card will 
never exactly coincide with the water line of the T<f>- 
diagram, so that this line must always remain imagi- 
nary in its readings. It is, however, possible to have 
the reconstructed expansion line represent the true pv- 
history of the steam. Thus, in place of drawing an 
isentropic Ime through the point of compression, draw 
the poly tropic curve pv^ = C, where n has the value 
found for the expansion-curve. Assimiing that the 
clearance steam is expanded and compressed along this 
line, the card for the cylinder feed can be constructed 
by assuming this curve to represent zero volume. The 
r^-projection of the expansion-curve will thus repre- 
sent the true average history of the cylinder feed, and 
the compression line will follow more closely the water 
line than it does when an adiabatic curve is taken as 
the new base line. 
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The cycle for the clearance steam can be found be- 
tween cut-off and release, and between compression and 
admission, but the rest of it would be entirely imagi- 
nary. Possibly it might be continued from admission 
up to the attainment of initial pressure by assimaing 
adiabatic compression. As may be seen from Fig. 47, 
the clearance steam contams less moisture at admission 
and compression than at cut-off and release respec- 
tively, so that whatever its exact path between admis- 
sion and cut-off and between release and compression, 
it must at least show decreasing and increasing values 
of X respectively, so that, its history is the reverse of 
that shown by the indicator-card itself. 

It is doubtful if the increased labor involved in the 
making of such a plot would be recompensed by any 
added information which could not be obtained by a 
proper interpretation of the simple method used by 
Prof. Boulvin. 
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^^K * Elements of the Art of War ^ .>. . 8vo, 4 00 

^^B Metcalf^s Cost of Manufactures^ And the Admlnlstzation of WorkshopSi Public 

[ and Private ........^.h.. ,.,,,...,.*....... . 8to, 5 00 

k * Ordnance and Gunnery. 2 vols. . „ ^ ,.,...... . lamo. s 00 

\ Murray's Infantry DriU Reflations iSnio* paper, to 

m Peabody's Kaval Architectnrfi. .._.,,_.,. ► . 8to, 7 so 

W * Pkelp^^s Practical Marine Surveying. . . ....... ^ ....... ^ « . . . . . _ .dro, 3 50 

F^ Pove^U's Army Qf^cet*& Examiner ,,,.,.,.,.. ^ i2mo. 4 do 

I IkAfpA *s Art ofSa hmm±in£ A i-m itkc la WftT, - ,%feiio,mK£w;t^, \ ^1 

Im _i 
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* Walke's Lectures on Explosives 8yo 4 00 

** Wheeler's Siege Operations and Military Mining 8vo, a 00 

Winthrop's Abridgment of Military Law zamo, a 50 

WoodhuU's Notes on Military Hygiene z6mo, i 50 

Young's Simple Elements of Navigation z6mo morocco, i 00 

Second Edition, Enlarged and Revised. , z6mo, morocco» a 00 

ASSAYING. 
Fletcher's Practical Instructions in Quantitative Assaying with the Blowpipe. 

zamo, moroccot x 50 

Furman's Manual of Practical Assaying 8vo, 3 00 

Miller's Manual of Assaying zamo, z 00 

O'Driscoll's Notes on the Treatment of Gold Ores 8vo, a 00 

Ricketts and Miller's Notes on Assaying 8vo, 3 00 

Ulke's Modem Electrolytic Copper Refining 8vo, 3 00 

Wilson's Cyanide Processes zamo, z 50 

Chlorination Process zamo, z 50 

ASTRONOMY. 

Comstock's Field Astronomy for Engineers 8to, a 50 

Craig's Azimuth 4to, 3 50 

Doolittle's Treatise on Practical Astronomy 8to. 4 00 

Gore's Elements of Geodesy 8vo, a 50 

Hayford's Text-book of Geodetic Astronomy 8to, 3 00 

Merriman's Elements of Precise Surveying and Geodesy 8to, a 5« 

* Michie and Harlow's Practical Astronomy 8to, 3 00 

* White's Elements of Theoretical and Descriptive Astronomy zamo, a 00 

BOTANY. 

Daveni>ort's Statistical Methods, with Special Reference to Biological Variation. 

z6mOp morocco, z as 

Thom^ and Bennett's Structural and Physiological Botany. z6mo, a as 

Westermaier's Compendium of General Botany. (Schneider.) 8vo, a 00 

CHEMISTRY. 

ludriance's Laboratory Calculations and Specific Gravity Tables zamo, i 25 

Allen's Tables for Iron Analysis 8vo, 3 00 

Arnold's Compendium of Chemistry. (MandeL) Small 8vo, 3 5o 

Austen's Notes for Chemical Students i2mo, i 50 

* Austen and Langworthy. The Occurrence cf Aluminium in Vegetable 

Products, Animal Products, and Natup .1 Waters 8vo, 2 00 

Bemadou's Smokeless Powder. — Nitro-cellulose, and Theory of the Celltilose 

Molecule i2mo, a 50 

Bolton's Quantitative Analysis 8vo, i 50 

* Browning's Introduction to the Rarer Elements 8vo, z 50 

Brush and Penfield's Manual of Determinative Mineralogy 8vo, 4 00 

Classen's Quantitative Chemical Analsrsis by El^trolysis. (Boltwood.) .... 8vo, 3 00 

Cohn's Indicators and Test-papers lamo, a 00 

Tests and Reagents 8vo, 3 00 

Copeland's Manual of Bacteriology. (In preparation,) 

Craft's Short Course in Qualitative Chemical Analysis. (Schaeffer.) zamo, z 50 

Dolezalek's Theory of the Lead Accumulator (Storage Battery). (Von 

Ende) i2mo, 2 50 

Drechsel's Chemical Reactions. (MerrilL) z2mo, z 25 

Duhem's Thermodynamics and Chemistry. (Burgess.) 8vo, 4 00 

Eissler's Modern High Explosives .^^^^ *« ^*^ 

EttronfB Enzymen and their Applications. (PttacoU.^ •'^'^^'^ "^ ^** 

Dli Introduction to Chemical PrepaiaXiona. (Ji^asDlttcft,'^ .v»aa* ^ -k^ 

^ . 
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tFl«ticher*s Practical Icutmctioiu in QuAotitatiTa AssAflag witli tbe Bloviiipe 
tjimo, morocco » t 50 
PowbF^g So wa$« Works Analyses^ ,..»»,..,..,......*.,»..,....... j 2mo» 2 00 
Ft«<«iiius's MaduoJ of Oualitative Chefpical AnalTsie. (Wells.) . ..».,... 8to, s 00 
Majiual of Quail tatiTfl Chemical Analysie^ Partis Bescriptive, (WeUs,) 
8to, 3 00 
Systam of Instractioo in QtiasititatlTB Chimlcal Anal^ratt. (Caka^) 
a Tok. »..._,.,,,,,..., — ^ ♦ * . . . . , Sto, 12 50 
Fnarlea'a Water and Public Health ,^. rsmo. t 50 

Furman's Sianv^aJ of Practlcai AmfLymg, ....,....,..*.. , . . . , Svo, 3 od 

*Getmaii^s Exerciisea in Phyeiical Chercustry. ..,,.., ^ .,,, ^ ..., , , . . 1 3rno, a 00 

GiU*i Gas aad Fuel Aoalysia for EoKineers^ ^ lamo, i 35 

GivteafeU'a Principles of Modern Dairy Practice. ( WolL) , ^ ... ^ ...... . i amo» 2 00 

HamnuLTStcn^s Tftit-book of PhysioJojica] Chemistry. (HandeL). ..... .8to, 4 00 

H«im*t Principles of Mathematicai Cbembtrf. (Morean.) iimo, r 50 

Heiing's Ready Reference Tables (Conrersion Factors),, ^ ^ , . .ifimo, morocco 1 a 50 
Hinds's Inorganic CEtemlatry, ..,.........,....,-. Syopi J 00 

* Lahoratory Manual for Students lamo, 75 

HoUeman's Text-book of tnoreaoic ChemMry. (Cooper.), Svo, 3 50 

T«it-book of Onganic Chemjatry. (Walker and Mott). , , , Svo, 2 50 

* Laboratory Manual of Organic Chemistry. (Walker.). .. . , lamot 1 00 

Hopkina's Oii-chemists* Handbook. ,,.,.. ^ ,....,,,....,...,..,.<.. . Svo, 3 00 
Jackson*a Birecttons for Labontorf Work in PhyBiological Chemistry. .Svo, i 25 

Keep's Cast Iron _ ..,,,,,..., Svo^ 2 50 

Ladd's Manual of Ouantitative Chemical Analysis . .lamo, t 00 

X^ndauer's Spectrum Analysis. (Tingle.) _.,..,.. Svo, 3 00 

Lassor-Cohn^s Practical Urinary Analysis. (Lorcni.}. .... ^ ........ , lamn, i 00 

Leaches The Inspection and Analjsia of Food yvith. Special j^el^anc« to State 

ControL tin preparation.) 
LOb^B Electrolrai^ and ElectrnsyntheEis of Organic Compounds, (t^orenz.) ^amo, 
Mandel'e Handbook for Bio-cheii:lcal Laboratory. ,._........ i2mo, 

* Martin's Laboratory Gruide to Qualitative Analj'sis with the Blowpipe . . timo, 
Mosod's Water-sttpply. (Considered Pxicclpally from a Sanitary Standpoint.) 

3d Edition, Rewritten ........... StOj 4 00 

Examination of Water. ( ChemicAl and BacteriologlqaL) ......... i^moj 1 25 

Meyer's Determination of Radicles in Carbon Compounds. (Tingle.). . lamo, i 00 

UlUer^s Manual of Assaying. ^ 1 2mo, i 00 

Hirer's Elementary Text-book of Cb^mistry , ...,...._...,,,... t3nio» i 50 

Motgan's Outline of Theory of Solution ajid its Results lamo^ i 00 

Elements of Physical Chemistry. ...v.,. , .....,.^... i2moi 3 00 

Morsels Calculations used in Cane-sugar Factories .......... i6mo, morocco^ 1 50 

MulUken's General Method for tlie Identification of Pure Organic Compounds. 

VoL L , . , ,..,.... Large 8vo, 5 00 

Hkhols's Water-supply. (Considered mainly from & Chemical and Sanitary 

Standpoint, i88j.). , Sto, 3 50 

O'Brlne'fl Laboratory Guide in ChemicaJ Analysis. Svo« a 00 

O'DriSGoU's Kotes on the Treatment of Gold Ores. &vo, 2 oe 

Ost and KoUieck^s Text-book of Chemi(;aJ Technology. (Loreot^Boxart.) 

(in preparation.) 
Ostwald's School of Chemistry. Part One. (Rair^cy.) {In prms.) 
« Penfield's If otes on DetermlnatiTe Miticralogy and Record of Mineral Tests. 

BvOf papcFi 

Pictet*s The Alkaloids and their Cliemical Constitution. (Biddle.) .Bvo, 

Pinner's iBtroduciion to Organic Chemistey . tK^^n."^ .,.,.,...,.,. . j2mo, 

I P0^ie*9 CaJoriSc Power of Fuels . * ~ ^^"^^^ 

I Ptc0coU&iid Winstow*s Elements of Water Batto\cADCJ,^^^^^^^^'^*^^'t. 

m ence to Sanitary Water Analysis " » ......-*- .\'m^* 

P*.^ik^', Giude to Piece-dyeiiiB .-.* ,,_....*.- 
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Richards and Woodman's Air,Water, and Food from c Sanitary Standpoint . 8vo, a oc 

Richards's Cost of Living as Modified by Sanitary Science lamo, z oo 

Cost of Food a Study in Dietaries zamo. z oo 

• Richards and Williams's The Dietary Computer 8vo, z 50 

Ricketts and Russell's Skeleton Notes upon Inorganic Chemistry. (Part I. — 

Von-metallic Elements.) 8vo, morocco* 75 

Ricketts and Miller's Notes on Assaying 8vo» 3 00 

Rideal's Sewage and the Bacterial Purification of Sewage 8vo, 3 5« 

Disinfection and the Preservation of Food 8vo» 4 00 

Rttddiman's Incompatibilities in Prescriptions 8vo» a 00 

Sabin's Industrial and Artistic Technology of Vaints and Varnish. (In pre88.) 
Salkowski's Physiological and Pathological Chemistry. (OmdorfF.')- • • .8vo» a 50 
Schimpf's Text-book of Volumetric Analysis lamo. a 50 

Essentials of Volumetric Analysis iamo» x as 

Spencer's Handbook for Chemists of Beet-sugar Houses x6mo, morocco, 3 00 

Handbook for Sugar ^Canufacturers and their Chemists. . i6mo, morocco* a 00 
Stockbridge's Rocks and Soils Svo* a s* 

* Tillman's Elementary Lessons in Heat 8vo, x s* 

* Descriptive General Chemistry 8vo» 3 00 

Treadwell's Qualitative Analysis. (HaU.) 8vo. 3 00 

Quantitative Analysis. (HalL) 8vo» 4 00 

Tumeaure and Russell's Public Water-supplies 8vo» 5 oo 

Van Deventer's Physical Chemistry for Beginners. (Boltwood.) lamo, z s* 

• Walke'f Lectures on Explosives 8vo, 4 oo 

Wassermann's Immune Sera: Haemolysins, Cytotoxins, and Precipitins. (Bol- 

duan.) lamo, z 00 

Wells's Laboratory Guide in Qualitative Chemical Analysis 8vo» z 50 

Short Course in Inorganic Qualitative Chemical Analysis for Engineering 

Students zamo, z 50 

Whipple's Microscopy of Drinking-water. 8vo, 3 50 

Wiechmann's Sugar Analysis Small 8vo. a so 

Wilson's Cyanide Processes. zamo, z so 

Chlorination Process zamo. z so 

WuUing's Elementary Course in Inorganic Pharmaceutical and Medical Chem- 
istry. zamo, a 00 

CIVIL ENGINEERING. 

BRIDGES AND ROOFS. HYDRAULICS. MATERIALS OF ENGINEERINO 
RAILWAY ENGINEERING. 

Baker's Engineers' Surveying Instruments zamo, 3 00 

Bizby's Graphical Computing Table Paper z 9^ Xa4i inches. as 

** Burr's Ancient and Modem Engineering and the Isthmian Canal. (Postage, 

a7 cents additional) 8vo, net, 3 50 

Comstock's Field Astronomy for Engineers 8vo, 2 50 

Davis's Elevation and Stadia Tables 8vo, z 00 

Elliott's Engineering for Land Drainage zamo, i 50 

Practical Farm Drainage zamo, z 00 

Folwell's Sewerage. (Designing and Maintenance.) 8vo, 3 00 

Freitag's Architectural Engineering, ad Edition, Rewritten Svo, 3 90 

French and Ives's Stereotomy Svo, a 90 

Goodhue's Municipal Improvements zamo, z 7S 

Goodrich's Economic Disposal of Towns' Refuse Svo, 3 so 

Gore's Elements of Geodesy Svo, 2 50 

Hayford's Text-book of Geodetic Astronomy .V«^x -j* v. 

Bering's Ready Reference Tables (Conversion. Y8lc,\ot€^ i^bTCka^TCw^'t^^^^x 1. j^^ 

Howe'B ReUdning Walls for Earth ^"^-^^ 



Jobxuon'B Theory and Practice of Surveyini •^^^'^^; 



Stmtics by AJtgebraic azid GrapMc Hethodm . 
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Cjtfctod'i SeWAfe DltpOMJ . * iim<i, i 35 

L«pkc«*i Pbllosophjcftl £«sar on ProbAbilitiea. Cf nuedtt uid BmofT.) laraoi 3 oci 

Mahan'i Tre4tb« on CtTil EaglaecTiag. ( tS?^) (Wood.) ............ Sv^o, 5 00 

* I>««:riptiTe Ge<imetrT ._.....,..,.....„»...».... ..»,,.. Svi, 1 ^ 

MenimAij*! Gleroena of Precise Surreiriag and Geod«]r^ ,.*......».«<. .Bvo^ 3 so 

BLemeciU of Sioitflrj Engineering .,..,...., *...,.,„».,,»,, «8vOi 3 M 

MrirLmaQ acd Brooks^fi Handbook for Surreyon. ,,,.*,.,.... i6iiiOff morocco, 3 on 

Nuf ent*B Plane Surreyias . ^ ...*.*...,...*. * , ,*»,,.,. ,8¥o, j. s* 

Oeden't Sewer Design. .....*....**....**,* ..*..,*, ,,.,,, i amo, a 00 

Patton'i Treitlfie 00 Civil Enein&eruif . *..*............... Bto half leather* *j sa 

Reed'i TopoErapbical Drawlog and Skftlching. , , . . ^ ...,*».. » . .410, 5 00 

RJdeaTs Sewage and the Bacterial Puri^catiop of Sewage ^ ..,»..... ^SvQp 3 5c 

Siebert and B^ggin^B Modem Sto^e-cutting aad MaAooiy. .,,,,,,«...... ,Bvo, x 51 

Smith's Maniial of Topographical Dfitwiiig. (MeMillan^)^ .Evo, i £« 

Soodericlfer'a Graphic Statics, viui Apphcationa co Trusses. Beama^ and 

Afichea* ..,.>. ...^, «.^,^-,,...,.^,,,,.,,.^,.»«».»,h.. Sto* 3 00 

* TtAntwine*» Clidl Enginft«r't PoclEet-bdok. ,..........,.., i6mo, morocco, 5 00 

WiJt*t Engineering and Aichitecttifal Jydsprudence, . * « Bto, 6 00 

Sheep, 6 50 
Law of Operatiottf PreUmiaafy to Construction in Engineeiring and Archl- 

tectuf 0. ^ ...,*.. , , ,,,,..,... ^ ....... . 8to« 5 00 

Sheep » 5 <;c» 

Law of Contracta. ..,, ^ ..,,,*,,,,* , ,,*,,,»*,.,., ^ ..*... . .Syo, 3 00 

Warren's Stereotomy — Problema in Stotse'Ctittlng,. .................. «8to, 3 so 

Webb*a Probleiiia ia the Use and Adjuatment of Engineeriog Instruments. 

itimo, morocco, t 35 

* Wheeler^a Elementarr Course of Civil Engmeeriog ..,.....,, ^fivOp 4 do 

Wllion'i Topographic Sttrvejlng, ..«, ■■•«*«. ^ * « ..».***«....*.,,,, * . .870, 3 50 
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BRIDGES AUD ROOFS. ' 

'a Practical TreatUe on the Cc»;istructioi] of Iron Highway Bridges. .Sto, 3 00 

* Thames River Bridge, * ^ . ^ # 4to, pAper*^ 5 00 

BufT'i Courae oa the Stressea in Bri4gea and Roof Trusacs, Arched RibSf and 

Suspension Bridges. ......,...,.._..*. « . »8to» 3 50 

Do Bols's Mechanics of EogiDeering. VoL IL... .Small 4to, 10 00 

Foater'a Treatise 00 Wooden Trestle Sridges * .4t0i 5 00 

Powler*« Coffer-dam Process for Piers ,,,,,,* ,,,.,..*.,.,.. 8vo, a 50 

Greeners Roof Trusses. ..«.,,.,,,.,..« Bvo, i 35 

Bridge Trusses... ,«.._,,«... , . .8v0| 3 5A 

Arches in Wood* Iron, and Stone ^ . ......... Sto» 3 50 

Howe's Treatise on Arches, . , .......,,.., Bvo, 4 00 

Design of Simple Roof-truases in Wood and Steel ,..,..,...,,.. Svo, 3 00 

fiknaoD, Erjon, and Tumeaure^s Theory and Practice in the Deelgqing of 

Modem Framed Structures. ..................*.. Small 4(0, 10 go 

Mftrriman and Jacoby's Testt-book on Roofs and Bridges: 

^B Part L — Stresses In Simple Truss^ . , . , .,..,,..,. Bvo , a 90 

^^H Pkrt IL^-^raphic Statics « 3vo, a 50 

^^V Part m.— Bridge Design. 4^^ Edition, Rewritten « Bvo, a 50 

^^B Port rv. — Higher Structurei* . , * ^ . « > • ~*'* • ^ - . . .8va, 3 511 

^^V liorlson's Memphis Bridge. .,^.,,.,..,....*,.^.... ,.. 4^0, 10 

f Waddell's De Ponti&ua^ a Pocket-^book for Bridge Engineers. » , i6mo, morocef . 3 

I ^^wcliJcations for Steel Bridges ..... ........................ J 3rao, j 

I fVo&d*s Treatise 00 the Theory of tbe Conattut^tioii of Bridges and Hoofs . Svo, 

[ tf^ri^ht's Designing 0/ Draw-Spans: 

i pMrt L — PiAte-girder Draws. ^ - - * -- "^^^ 

I P-art JZ^JUvcfcd^tniss and Pin-CQtinecUd l.oTia-ii^»^ ^*^ ^^^^ \^ 
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HTDRAULICS. 

Btiin*8 Bxperiments upon the Contraction of the Liquid Vein Issuing from an 

Orifice. (Trautwine.) 8to, a oo 

BoTey's Treatise on Hydraulics Sto. 5 00 

Church's Mechanics of Engineering 8to, 6 00 

Diagrams of Mean Velocity of Water in Open Channels paper, i 50 

Coffin's Graphical Solution of Hydraulic Problems z6mo» morocco* a 50 

Flather's Dynamometers, and the Measurement of Power zamo, 3 00 

iP'olwell's Water-supply Engineering 8to, 4 00 

Frizell's Water-power 8to, 5 00 

Fuertes's Water and Public Health zamo, z 50 

Water-filtration Works zamo, a 50 

Gangttillet and Kutter's General Formula for the Uniform Flow of Water in 

Rivers and Other Channels. (Hering and Trautwine.) 8to, 4 00 

Hazen's Filtration of Public Water-supply 8to, 3 00 

Hazlehursf s Towers and Tanks for Water-works 8yo, a 50 

Herschel's zz5 Experiments on the Carrying Capacity of Large, Riveted, Metal 

Conduits 8vo, a 00 

Mason's Water-supply. (Considered Principally from a Sanitary Stand- 
point) 3d Edition, Rewritten 8to, 4 00 

Merriman's Treatise on Hydraulics. 9th Edition, Rewritten Svo, 5 00 

* Michie's Elements of Analytical Mechanics Svo, 4 00 

Schuyler's Reservoirs for Irrigation, Water-power, and Domestic Water- 
supply Large 8vo, 5 00 

** Thomas and Watt's Improvement of Riyers. (Post, 44 c. additional), 4to, 6 00 

Tumeaure and Russell's Public Water-supplies 8vo, 5 00 

Wegmann's Desiim and Construction of Dams 4to, 5 00 

Water-supply of the City of New York from Z658 to'zSgs , 4to, zo 00 

Weisbach's Hydraulics and Hydraulic Motors. (Du Bois.) 8vo, 5 00 

Wilson's Manual of Irrigation Engineering Small 8vo. 4 00 

Wolff's Windmill as a Prime Mover * .8vo. 3 00 

Wood's Turbines 8vo, 3 50 

Elements of Analytical Mechanics 8vo, 3 00 

MATERIALS OP ENGHrEERING. 

Baker's Treatise on Masonry Construction 8vo, 5 00 

Roads and Pavements 8vo, 5 00 

Black's United States Public Works Oblong 4to, 5 00 

Bovey's Strength of Materials and Theory of Structures 8vo, 7 50 

Burr's Elasticity and Resistance of the Materials of Engineering. 6th Edi- 
tion, Rewritten 8vo, 7 50 

Byrne's Highway Construction 8vo. 5 00 

Inspection of the Materials and Workmanship Employed in Construction. 

i6mo, 3 00 

Church's Mechanics of Engineering 8vo, 6 00 

Du Bois's Mechanics of Engineering. VoL I Small 4to, 7 50 

Johnson's Materials of Construction Large 8vo, 6 00 

Bleep's Cast Iron 8vo, 2 50 

Lanza's Applied Mechanics 8vo, 7 50 

Martens's Handbook on Testing Materials. (Henning.) a vols 8vo, 750 

Merrill's Stones for Building and Decoration 8vo» s 00 

Merriman's Text-book on the Mechanics oi l&.a\.ftT\.aL\a •'^^^ * n ^» 

Strength of Materials ^"^-^^^ ^ ^ 

Metealf's Steel A Manual for Steel-usere ^"^^'^."^ <» 

P^ttoa'a Practical Treatise on Foundations 

1 




MAILWAT £ffGLAMEEQiG. M 

-..--., ....4to» S OO 

I so 

St«* t 50 

5 00 

(ii^\ . .Pap«f^ 500 

Rock Dnlii* 4I0, liAir iDor., as 00 

...^.^.^ ^. «,.,,.> ,CAnlt>OArd, 3^ 

UKt Ex^kuvi' Goidc .... i6mo, mor., a 50 

UUHiorCaleataliivtluCttVicCoiitcatiof ExisTBdeiisaiidBnH fl 

-...*,.*.. , .,-.-*..-.**,..,,,,,,._.,. 8to, 1 (w V 

Msmul for Readoit Fiigiiif^n .^ .,,.,._,^.^*.,^,* t6iiio, t oo 

for Itoilnwd Rji^iim^j* ,_^,,,,.^,, i€/mOt nmtocco^ 3 > 

for EofiDetft. ...^^..,, t^iw]. morocco, 3 oa 

i6mo, morocco 4 j 00 

HAilr^d SplrmL .., . ,...*....^ 161110* morocco* i 50 

Tajlor"! Pmmoidal ForoEtal* and Eartliwork , .Sto , 1 50 

^ TlBIXtwilie'K MetllOd of CaValating tlu CtnlUC COQtKltS of E^^TAtJOOS ftod ^J 

EmlMiikmeats by the Aid of DiM,ETminx.^ < , .Sto, 3 *M^| 

Hie Field Pr*£ti£« of JL«Ljiog Out Clrcci]«ir C^irres for Railroads* ^1 

laikiQ, morocco, 3 50 

Cnnt'flection Sheet. ...«,, ^ .,.« Paj»r, 35 

Webb*i Esilro»d Construction* 2d Edition p Hevrltten. , ^ * . . s6nto. morocco * s 00 

WelUnctoo'A £c:oiiots2ic Theory of the LocAtion ol Rallwafi Smiil Svo^ s 

DRAWIZTG. 

But'i Klnemstici of Machinery ,*...* ^-. ,, ^ ^ ^ '.•^ ^ . ^ ...«., . Bwo, 3 

• Murtiett't Mecb&p}cfi} JJrawing . .,.,*-.-.*,...,,..,.,......... 8to ^ 3 1 

' " ' *' AbrideedEA.. Sto^ i . 

Co0iidg0*§ MAnuMl of Dnwint' - * * ^ - ^"^^^ V*^»^> x 

^^^MdgsMad Fnem^n'% Eleraenta of Geae^ai BtaStiTi^ lot Utt\iAB:^£*\ Ui5«.- 
n**ra, iln itresm.) 
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Hill's Text-book on Shades and Shadows, and PerspectiTe 8to, a oo 

Jamison's Elements of Mechanical Drawing. (In press,) 

Jones's Machine Design: 

Part L — Kinematics of Machinery 8vo, i 50 - 

Part n. — Form, Strength, and Proportions of Parts 8vo, 3 00 

KacCord's Elements of Descriptive Geometr> , , 8yo, 300 

Kinematics; or. Practical Mechanism. 8yo, 5 00 

Mechanical Drawing , 4to. 4 00 

Velocity Diagrams 8yo, x 50 

* Mahan's Descriptive Geometry and Stone-cutting 8vo, z 50 

Industrial Drawing. (Thompson.) 8vo, 3 50 

Reed's Topographical Drawing and Sketching 4to, 5 00 

Reid's Course in Mechanical Drawing Svo, 3 00 

1 ezt-book of Mechanical Drawing and Elementary Machine Design . . 8vo, 3 on 

Robinson's Principles of Mechanism 8vo, 3 00 

Smith's Manual of Topographical Drawing. (McMillan.) 8vo, 2 50 

Warren's Elements of Plane and Solid Free-hand Geometrical Drawing. . lamo, z 00 

Drafting Instruments and Operations z2mo, z 25 

Manual of Elementary Projection Drawing Z2mo» z 50 

Manual of Elementary Problems in the Linear Perspective of Form and 

Shadow. z2mo, z 00 

Plane Problems in Elementary Geometry z2mo, z 25 

Primary Geometry z2mo, 75 

Elements of Descriptive Creometry, Shadows, and Perspective 8vo, 3 50 

General Problems of Shades and Shadows 8vo, 3 00 

Elements of Machine Construction and Drawing 8vo, 7 5o 

Problems, Theorems, and Examples in Descriptive Geometrv 8vo, a 50 

Weisbach's Kinematics and the Power of Transmission. (Hermann and 

Klein.) 8vo, 5 00 

Whelpley's Practical Instruction in the Art of Letter Engraving lamo, a 00 

Wilson's Topographic Surveying 8vo, 3 50 

Free-hand Perspective 8vo, a 50 

Free-hand Lettering. 8vo, x 00 

WoolTs Elementary Course in Descriptive Creometry. Large 8vo, 3 00 

'ELECTRICITY AITD PHYSICS. 

Anthony and Brackett's Text-book of Physics. (Magie.) Small 8vo, 3 00 

Anthony's Lecture-notes on the Theory of Electrical Measurements lamo, i 00 

Benjamin's History of Electricity 8vo, 3 00 

Voltaic CelL 8vo, 3 00 

Classen's Quantitative Chemical Analysis by Electrolysis. (Boltwood.). .8vo, 3 00 

Crehore and Squier's Polarizing Photo-chronograph 8vo, 3 00 

DtwBon's "Eneineering" and Electric Traction Pocket-book. . z6mo, morocco, 5 00 
Dolezalek's Theory of the Lead Accumulator (Storage Battery). (Von 

Ende.) Z2mo,'^2 50 

Dohem's Thermodynamics and Chemistry. (Burgess.) 8vo , 4 00 

Flather's Dvnamometers, and the Measurement of Power zamo, 3 00 

OUbert's De Magnete. (Mottelay.) 8vo, 2 50 

Hanchett's Alternating Currents Explained x2mo, x 00 

Hering's Ready Reference Tables (Conversion Factors) z6mo, morocco, 2 50 

Holman's Precision of Measurements 8vo, 2 00 

Telescopic Mirror-scale Method, Adjustments, and Tests.. . . .Large 8vo, 75 

Landauer's Spectrum Analysis. (Tingle.) .%^^^ >» 'c** 

Xe Cluteiier's High-temperature Measurements. (,Bo>iio>aaxa — ^^^axv^^-^^'ws^^"* >» ^** 
IM'b EleetrolysiB and Electrosynthesis oi Or^amc Comi&o>axv^%, V^x^m.^ -i.-wsno ^ ^ J>^ 
• LyonM'B Treatise on ElectromagneUcPYicnomeiia. NoN»A, Wi^'O- ^no » ^^^^ ^ ^ 

•mcbU. JBJeinenli of Wave Motion R»lBitixiaXoSo^Ma!^.*sA'Vi«fioJu ^ * 



Jlbitdirt^ EluocntifT Tfvttiie ^u Electric Batteries. (Fbht}«u:k. r . . i amo i 3 

* Eotenber^'i Electrical BagitieerinE. (Haldanc Gee — ^nxbnuuier.). . . ^Svo, i 50 

RT&Qt Norrist and Hoiie'« Electf kaJ M*clibefy< Vok I. , , 8fo, 2 sa 

ThttntOQ^j. StationdLTf Steam -encijies* . * **.*,.,» ^ .. ^ >..,., . 8to, a. 5© 

* Tinman's Elementary LessouR in Heat .** ^ >...^.. .. 8to, i 5^ 

ToTf aod PJtcher*a Hanual of LaboratoiT PhTiica, «.«««*«.,,... Small Bvcs, s 00 

VJkn'm Modtra EltctfoljUc &>pper EeSmiog .6vq, 3 
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LAW. 
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* DtTlB'i Element! of taw *..,,.,.*,,.,,.,«,,, * .,,*.., Bto, a so 

* Treatise on the Biilitazr Lav of United Statei ..... ^ * .« ^ ,.>..... . Sto^ 7 M> 

* Sheep, 7 so 

Montiial for Courto-martlat . . . . < ..«,..... tfiiiio, moroccOp i so 

W*lt*i EnjEineerbig And Architectttral Judsprudenq*. ...♦,* Svo, 6 o« 

Sheep, 6 so 
Law of Operatiime Prellniinar7 to Conittructioa in Eoffineeiinir and Archi- 
tecture 4..*.k4*....«. <...«*«. »«..tt^ii«..... Sto, 5 <io 

Sheep, s so 

Law of Contracts , .flTO, 3 00 

Winthrop*fi Abridgment of Military Law ..,,,... i . . . # . . , . . . lamoi a 50 



MAirUFACTUEES. 



Bernadou*! Smokaleaa Fowder-^Hilro-cellutoM and Uteory of tbc Cfllhi]o«e 

Molei^ule ..........>....»,...,..«. lamo, 3 50 

BoUaad'fl Iron Founder ...*.,.. ....*., tsmot a fia 

" The Iron Foundeir,** SupplemenL. , . , . ^ , , « p . , , ^ .«..,., 1 2ino^ 3 50 

Eacycbpedia of Founding and Dictionary of Foundry Terms Vwd in the 

Practice of Moulding. . . ^ . . . , h, ^ <....* lamn, 3 m 

EI$B]er''9 Modem High EiplosiTes .....,...,.*.,,»,,,,,,.,,..., *8to, 4 00 

E&Tont'B Enzymea and their Applications, (Piescott)^* ...,.,,........ &to, 3 00 

Fitzgerald'i Boston MacblDiat ....,.,,^. ,,.... iftmo* i cKt 

Ford'» Boiler Blaldng for Boiler Malcers ...*..,,................,.., iSmo* i 00 

Hopkins'^ 011-chemist«* Handbook. .*.......,...,. Brop 3 00 

Eeep^t Catt Iron.. .,«.......«,..*...... , . . .S^o, 2 50 

Leach^B The Inspection and AnAlysIs of Food with Special Inference to State 

ControL iln prtparation.) \ 

Ifetcatf '1 SteeL A Manual for Steel-users .,««,,..,,..,,..«....«.,. . lamo, a 00 
Meti:atfe*s Coil of MaQufacturos— And the Administration of WorkshopSp 

PcbUc and Private. ,, &vo* 5 00 

Mef er*fl Modem Locomotive Construetton ^4to, 10 00 

Morse's Calculations used in Can«-£ngar Factories. ., i6mOf morocco, i go 

• Hfiisig'i Guide to Piece-dyeing .........*.,.,..................,,. 8vo, as 00 

Smith's Press-working of Metals .,,_..,,.,,.«,,..,,,.,,...,.,..... . .8tOi 3 00 

Spalding's Hydraulic Cement. , ^ ........*,,......... p .. . lamo, 3 00 

Spencer's Handbook for Chemists of Beet-sugar Hottses< . . . .i6mOf morocco, 3 00 

Haudbooif tor &ugar ManutacTurers and their Chemists.. .i6mo, morocco, 

Thurston's Manual of Steam-boilers, their Designs, Construction and Opcra^ 

tion, , ,,,.,♦,♦..,*..-._.. .&VO, 

* Walkers Lectures on ExplnsiTet .......... ..^..^^-.^h.,.. ..,..«.«*..,, Bvo, 

West's American Foundry Practice lamo, 

Moulder's Teit-took ,,..,.,,,, , ....*..,.. , , rimo, 

Wirchmann's Sugar Analrsis. ............................... Small Sto, 

WolS*s WiadmiR as a Prime MoT«r ,.*..... , Bvo, 

Womiburf*^ FiM Protection of Mills. , , Siro, 

Woed% Hmtlfm Co*tiofiSJ Corrosion and EUttroVnaa olltot^ «s4^si»€V .^^a, 

10 
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MATHEMATICS. 

Baker*! Ellixitic Functioiui 8to, i 50 

* Ban'f Elements of Differential Calculus lamo, 4 00 

Bricgs's Elements of Plane Analytic Geometry zamo, x 00 

Compton's Manual of Logarithmic Computations xamo, x 50 

Daris's Introduction to the Logic of Algebra 8vo, z 50 

* Dickson's College Algebra lArge zamo, z 50 

* Answers to Dickson's College Algebra 8vo, paper, 35 

* Introduction to the Theory of Algebraic Equations Large zamo, z as 

Halsted's Elements of Geometry Svo. z 75 

Elementary Synthetic Geometry ; Svo, z 50 

Rational Geometry zamo, z 75 

* Johnson's Three-place Logarithmic Tables: Vest-pocket size paper, Z5 

zoo copies for 5 00 

* Mounted on heavy cardboard, S X zo inches, 35 

zo copies for a 00 

Elementary Treatise on the Integral Calcuhis Small Svo, z 50 

Curve Tracing in Cartesian Co-ordinates zamo, z 00 

Treatise on Ordinary and Partial Differential Equations Small Svo, 3 50 

Theory of Errors and the Method of Least Squares zamo, z 50 

* Theoretical Mechanics zamo. 3 00 

Laplace's Philosophical Essay on Probabilities. (Truscott and Emory.) zamo, a 00 

* Ludlow and Bass. Elements of Trigonometry and Logarithmic and Other 

Tables Svo, 3 00 

Trigonometry and Tables published separately Each, a 00 

* Ludlow's Logarithmic and Trigonometric Tables Svo, z 00 

Maurer's Technical Mechanics Svo, 4 00 

Merriman and Woodward's Higher Mathematics Svo, 5 00 

Merriman's Method of Least Squares Svo, a 00 

Rice and Johnson's Elementary Treatise on the Differential Calculus . Sm., Svo, 3 00 

Differential and Integral Calculus, a vols, in one Gmall Svo, a 50 

Sabin's Industrial and Artistic Technology of Paints and Varnish. (In press.) 

Wood's Elements of Co-ordinate Geometry Svo, a 00 

Trigonometry: Analjrtical, Plane, and Spherical zamo, z 00 

^ MECHANICAL ENGINEERmG. 

MATERIALS OF ENGINEERING, STEAM-ENGINES AND BOILERS. 

Baldwin's Steam Heating for Buildings zamo, a 50 

Barr's Kinematics of Machinery Svo, a 50 

* Bartlett's Mechanical Drawing Svo, 3 00 

* " " " Abridged Ed Svo, z 50 

Benjamin's Wrinkles and Recipes zamo, a 00 

Carpenter's Experimental Engineering Svo, 6 00 

Heating and Ventilating Buildings Svo, 4 00 

Gary's Smoke Suppression in Plants using Bituminous Coal. (In prep- 
aration.) 

Clerk's Gas and Oil Engine Small Svo, 4 00 

Coolidge's Manual of Drawing Svo, paper, z 00 

Coolidge and Freeman's Elements of General Drafting for Mechanical En- 
gineers. (In 2)rcs8.) 

Cromwell's Treatise on Toothed Gearing zamo, z 50 

Treatise on Belts and Pulleys zamo, z 50 

Durley's Kinematics of Machines Svo, 4 00 

Flather's Dynamometers and the Measurement ol Po^« '\.-«s^a^ >» ^«fc 

Rope Driving x-xxsva^ •». ^ 

U 
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Qilfi G*M Aj2d Fii«l AiiAlriis for £o£ice«ri. ., ^**,*.*.«^....p,.. , lamot i 3$ 

HaII'i Car Lubfk^tloa.. , , - ,,..,,.***.*..-.*.,,.,»», , , izmo, i oo 

H«rmi£*5 Re«4f RMertmce Tables (CoaverBlon Factoid). , . . . .i6mo, morocco, 2 $0 

fitittoii's 111* Gi» Enci&e^ ***»,. *,^,^*«»^»^*.*.*....,.*,,^,,,,,,.* .Svo, s <>• 
Jooflfl'i Machiaci DttLgn; 

Part L^-Sjiiematlct of Hacluncfj . , *►...* . ^ . . . , _ . 8vo, £ s» 

Part n,. — Fonn, Strenfftb, and Proportlona of Parts . « . ^ , ,.».*.. *8to, $ 00 

KBnt*t Mechamcal £o^ac«r*s Pocket-book ,-,,.,.,..,.,... ttimo, morocco* 5 00 

Xerr'i Power and Power Tfansmiaiion , * , Sto, 3 oq 

MacCord'ft Kl^ematki; or, Practleal MechaDisni. ,,,..,. «.,.,.. Sto, s 00 

Mechanical Drawing, *«,..,,,.»,.,..-.-.**.,.,,,,„,..,,. 4t0( 4 00 

VeJocky Dia^ramj . , , *-.,.. -^ »**.,♦*,, ^ ,,,,,,..,, . 8*0, i sti 

Hakaa'i Industrial Drawinf, {Thoinpttm,}, ^.^.>.,«,4,, ,,.,..« Bvo^ i S(^ 

POole'ft Calorific Power of Fueli ,....,.,.,,.,,,,.,.,,....,... .Svo, 3 00 

ft«id*f Course b Meciiariic*! Drawing. .,,,»,., ..,»,....»*..,,* . Bto. a 00 

Tert-book of Mechanical Drawiog and ElenieiitarT Machine Desigii . .Sto, j 00 

RLohardfi"! Compressed Air^ ♦,.» ^ * ^ .,.,**.*.,.*.*.. ^ ^ * , , , * I3iqo, i st> 

SoblnsoQ^t PrLncii^les of Mechaniani ....»< ^ >..,.,.,*,,,•.,.. « ^Si?o, 3 00 

^mitb^i Press-working of Metals, *,,,,.,.,, ,,..,,*..., ^ .,,, . .Bvo^ 3 m 

Tlitiiatoit*^ Treatisa on Friction and Lost Work in MacMiierf and Mill 

Work. ,.*»*..*,.....,, -Stop 3 oo 

Animal as a Mschine and Prime Motor, and the Laws of Eneiieecics . 1 3mo# i o» 

Warren^s Elements of Macliioe Construction and. Drawing ........... ^ .. Svo, 7 so 

Weisbach''B Kioeciaticfl and the Power of Trarsmisfiion* HeiroMnii — 

KJeiJi.) **.*.*,,.,,... **..„,.,,.,, *..».* Sto, 5 o* 

Machinery of Trftnsmitaion at^ Govemoro. (Bsmiiaiin — K]ein.)-.8vo» s i^o 

HfdrauLcs and Hydraulic Motoric (Du Bois,), ,,...». ^ .<. ^ Sto, 5 00 

WoM*s Windmill as a Prime Mover. »,,,»..,»..,.,,,....,,„... Svo. 3 oo 

Wood's Turbines. .*-.-,. ,, ^ ., ^ ..**..-♦.,.». * ..,,... ^Sto, a 50 

MATERIALS OF ENOINEERIKa 

BoTey^s Strength of Materials and Thoory of Structures .,._,....,.,,..» gtOf 7 5a 
Butt's Elasticity and Eeiistance of the Materials of Engineeriug. 6th Edition, 

Reset- . * ^ ^ , , H. » - * , - . - . ,. .^ «»*.*.*... ^ ..,,,,« ^ ^ . Btoj 7 50 

Cburcb's Mechanics of Encioeerlne .>......,^.«,..t*^^*»,.*. ^Sto, 6 00 

JohxLSon^^ Materials of Construction « , Large 9v&, 6 00 ' 

Keep's Cast Iron ,^«.^,. .........*•«•.#...« ^. ^Syo, z 50 

Lanza's Applied Mechanics ...>.....,«..».».»«> ....*.» ^ . « &ro, 7 50 

MsTtens's Handbook on Testing Materiala. (HeDning.) . >......,,..«. , Svot 7 50 

Meniman's Teit-book on the Mechanics of Material* ................. .Sto^ 4 00 

Strength of Mater>als, ..,.....,.., ...*.., .ismo, i 00 

Metcflif 's Steel. A Manual for Steel-users ^ . ^ ....,...*,., ^ , . iimo. a CMI 

Smith^E Materials of Machines *4..,..«_*^i,,...^,-^^,.«.^.^^, ,...,,. Timo i 00 

Tbur3.tQii^5 Materials of Engineering >.»,.», , 3 vole, t B?o, S 00 

part n.— Iron and Steel* , ....,.# ...,..,.,., Svo^ 3 50 

Part III.— A Treatise on Brasses, Bronies, and Other Atlors and their 

Const! tuents*. . ^ . ^ . » . . ^ . . ^ ,..,»..«...,.>, , , , . Sto 3 so 

Text-book of the Matertolfi of Construction .Bvo, 5 00 

Wood's Treatise on the Resistance of MatsriAls and an Appendix on the 

Preservation of Timber, ...,,,,.,.,„.*.....*..*...., Svo, 3 

ElemeiitB of Analytical Mechanics. . «,«,,,.,, ^ ,. ^ ^ ... ,^ ..,., * Bto, 3 

Wood*s Rustless Coatings^ Corrosion and EleH2trolyBis of Iron and Steel. . . Svo, 4 



00 



STEAM-EHGIKSS ASB BOTl.^'M, 



Ckmors Resections on the Motive Powm of mat. O^^^^^^^^ - • * • ^ >^™o, 1l ^ 
2>«wscJii'* "^afiincerint** and Electric traction Vot^t-^o^^. .t^w>. ^i;;^\'t 
^Gra'a MoiMr MMkms ior Boiler Mateia ...,". -•** "'" 



i 
J 



Oo«'f LocomotiTe Sparks Svo, a oo 

Henwnway'f Indicator Practice and Steam-engine Economy lamo, a oo 

Hotton'i Mechanical Engineerinc of Power Plants Svo, 5 00 

Heat and Heat-engines 8vo, 5 00 

Kent* s Steam-boiler Economy Svo, 4 00 

Kneass's Practice and Theory of the Injector 8vo x ^o 

MacCord's Slide-valves 8vo, a 00 

Meyer's Modem Locomotive Construction 4to» zo 00 

Peabody's Manual of the Steam-engine Indicator lamo, z 50 

Tables of the Properties of Saturated Steam and Other Vapors 8vo, z 00 

Thermodjmamics of the Steam-engine and Other Heat-engines 8vo» 5 oo 

Valve-gears for Steam-engines 8vo« 2 50 

Peabody and Miller's Steam-boilers 8vo« 4 00 

Pray's Twenty Years with the Indicator Large 8vo, a 50 

Pupln's Thermodynamics of Reversible Cycles in Gases and Saturated Vapors. 

(Osterberg.) zamo* i as 

Reagan's Locomotives : Simple. Compound, and Electric lamo, a 50 

Rontgen's Principles of Thermodynamics. (Du Bois.) 8vo, 5 00 

Sinclair's Locomotive Engine Running and Management lamo, a 00 

Smart's Handbook of Engineering Laboratory Practice lamo, a 50 

Snow's Steam-boiler Practice 8vo, 3 00 

Spangler's Valve-gears 8vo, a 50 

Notes on Thermodynamics zamo, z 00 

Spangler, Greene, and Marshall's Elements of Steam-engineering 8vo, 3 00 

Thurston's Handy Tables 8vo. z SO 

Manual of the Steam-engine ■ a vols.. Svo, 10 00 

Part I. — ^History. Structuce, and Theory 8vo, 6 00 

Part n. — Design, Construction, and Operation 8vo, 6 00 

Handbook of Engine and Boiler Trials, and the Use of the Indicator and 

the Prony Brake 8vo 5 oo 

Stationary Steam-engines 8vo, a 50 

Steam-boiler Explosions in Theory and in Practice zamo z 50 

Manual of Steam-boilerp , Their Designs, Construction , and Operation . 8 vo , 5 00 

Weisbach's Heat, Steam, and Steam-engines. (Du Bois.) 8vo, 5 oo 

Whitham's Steam-engine Design 8vo, 5 00 

Wilson's Treatise on Steam-boilers. (Flatber.) i6mo, a 50 

Wood's Thermodynamics Heat Motors, and Refrigerating Machines 8vo, 4 00 



MECHANICS AND MACHINERY. 

Barr's Kinematics of Machinery 8vo, 2 5c 

Bovey's Strength of Materials and Theory of Structures 8vo, 7 50 

Chase's The Art of Pattern-making lamo, a 50 

ChordaL — Extracts from Letters lamo, 2 00 

Church's Mechanics of Engineering 8vo, 6 00 

Notes and Examples in Mechanics 8vo, 2 00 

Compton's First Lessons in Metal-working i2mo, i 50 

Compton and De Groodt's The Speed Lathe i2mo» i 50 

Cromwell's Treatise on Toothed Gearing i2mo, i 50 

Treatise on Belts and Pulleys i2mo, i 50 

Dana's Text-book of Elementary Mcchamta tot \3dl^ "^^^ q\. ^ci^^^^a^ ^\n.^ 

Schools .^-rcasi, ^ v^ 

Dingey's Machinery Patterii Making '.. i"^^^ ^^ ^ 

Dredge's Record of the Transportation 'Ex\u\>\\a ^ui^vai. ^^^'^ ^^^cL^ ^ 
, Cohimbiazi Exposition of X893 ^xo^^v^^fi. ^^^— ^ ^ 



VoL I.— Kitiematioj. , , * , ♦ ,.,,,...«.,.,.. , , , , *8to» a So 

Vol n*— Statics ' _ ,8vo» 4 00 

Vot m*-^Kioetics. ^ . » *.*.*.-.* . . „ . ^ . ^ . , . . . . » . ^ « « *8iro, 5 50 

MechaiiicK of Eoifmeeri^.. VoL I. ^ ^ . , » ^ ^ . . Small 4to» 7 50 

Vol 1L , , , Smmll ^to* to tw 

Durler'a Klnemjitics of HAebines *..»**.*.,,,, ^ .„-.,,, ^ ,, ^ ,,,..,, , Sto» 4 00 

Fitzcfirald's Boiton Machinist . ..-.<>.*» ^ ^ 1. « ^ * ^ ...*.. ^ ^ *^ * . ^ ...« ^ . , 161110* i 00 

Fitthcr'e D^njimoiiietefa* and tht Hemsufement of Power, ............ lamo, 3 ao 

Rope Drirm^^ .,. ^ ^ . ^ ,«»«.,..,.,.«,. ^ ., , ..«„**. ^ , zimot J' 00 

Gois's LoconiDtiTe Sparks ,.^,,.,,, ..,.«,,» .,*^*^.,_*,,_ Sto 2 00 

QiiU's Car Liibricidoa . __,,,,.,,,.. ,.,«,..«,..».*. » latao^ i 00 

So11t'» Art of Saw Fithig p .., ^ .,,.,,,»,,. ♦ ^ . . , , * , tSmo, 75 

■ JohuteA'i Tbeoretical Mecbo^aiei ,*.,,** *,,,*** tamo^ 3 im 

Statics % Graphic and Algebialo Mvthoda. ,.*............. Sto, a 00 

JoEies*! Machine Desj^n t 

Part L— Kineroallcs of MAchinerr , » i. . . *. . Svo, j s* 

Part n.^-Forni» StrenEth, and Proportions of Ports , , , &vo» 3 00 

Kerr's Pov«r and Power Tranamisfion .,..,... >..,.«., .8tO| a <ki 

Lanza'a Applied Mechanics .^^. Sto^ 7 i& 

HacCord's Elnematica : or. Practical Hechanisia .... ^ ,.*..,.,.. , Svoi 5 00 

Velocitr Dlasrami .... ..,.., .SvOi i 90 

Hauxer's Technical Mechanics* ,.,„,,„,.,,,„,. Svo, 4 o« 

Merrinian''s Text-book on the Mechanics of Materials , ^. « . , . ,Sto» 4 00 

B*i Elemeati of AnalytJcal Mechanics ....,.,.., « ^ . Bvo, 4 o« 

n's L<K:oinotiTesl Simple, Com pounds and Electric .............. . lamo, a 50 

Reiil'i Course In Mechanical Drawing ,_........ , . , , Sto^ a 00 

Teat-bo^k of Mechanical Drawing and Elementary Machine Desvgn . . Sto, 3 otf 

RLchATds'E Compressed Air. «*,,,...,•*»*,,*»,,.,.,»,,.* .ismo, t 50 

iLobmson's Principles of Mechonisro , * . . . Sto, 3 do 

Ryan, Norris, and Hoile*a Electrical Machinery. Vol. I Svo, a s« 

Sinclair's Locomptlve-englne Runnins and Manag;ement. , . .iimo, a 00 

Smith's Press-working of Metals, ,,.,,# ^ * .. ^ ,.,, , , , Sto, 3 oo 

Materials of Mjicbines. ........ .^..^... ^■^.',.*....*.*^, ,. . lamo, i 00 

Spangler, Oreeacr and liarshall's Elements of Steam-engineerias . . ^ ^to» 3 oo 

Thurston's Treatise on Friction and Lost Work In MucliincrT and Mill 

Work . .^. ...*........ ..*^., *. ....*.. ... , 8to, 3 OD 

Animal as a Machine and Prime Motor, and the Laws of Energetics. lamo* i 00 

Warren's Elemian^ of Machine Construction an,4 Drawing . ^ ......,.,, , Svo,, 7 50 

Weiflbach's Kinematics and the Power of Transmission. (Herrmann — 

Klein.) ,.,,,. .*...... ,. ^. .Sto» 5 00 

Machinery of Transmission and Governors, (Herrmann — Klein J. Sto, 5 on 

Wood's Elements of AnalTtical Mechanics . ^ ,......,..., .Sto, 3 00 

Principles of Elementary Mechanics ..,«,,...,.. , tamo, i as 

Turbines ......... .............. ,,.».,.»,«,.«..... ^i.^.,.... Sto, a 50 

The World's Columbian Bxposltion of i Sgs . *,.,,,......,., 4to» i 

METALLURGY. 

Bgleston's MetallureT of Silver, Gold, and Mercury: 

Voi I, — SilTer .,^^.,...,....... 8to, 7 

VoL n, — Gold and Mercury* ,,,... .,.*.,„. ftvo^ 7 

** Ues's LcMd'SmeStlag. (Postage g cents additionaL) .,.*..^...... lamo, a 

Keep's Cast Iron *.,...,-,*,,.-.*.*.,,. ^ ■*■'*'-**'"'"- ^ ' - - - ' * • - **™^ <• * 

Ktinh^rdt's Practice of Ore Dressing In Eutopfl .%^ft, i 

Metc^If'a Steel A Manual for Steel-users.* . " ' ^ ' .^^mii, i ^ 



^t^'sMmteriMjMofMAchluei.^ - '/^ * "' * M 






Thonton'f Materials of Bngineering. tn Three Parts Svo, 

Part n. — ^Iron and Steel 8vo, 

Part UL — ^A Treatise on Brasses* Bronzes, and Other Alloys and their 
Constituents b....8yo, 

Ulke's Modem Electrolytic Copper Refining 8vo, 

MINERALOGY. 

Barringer's Description of Ifinerals of Commercial Value. Oblong, morocco, 

Boyd's Resources of Southwest Virginia 8vo, 

Map of Southwest Virginia. .* Pocket-book form. 

Brush's Manual of Determinative Mineralogy. (Penfield.) 8vo, 

Chester's Catalogue of Minerals 8vo, paper. 

Cloth, 

Dictionary of the Names of Minerals 8vo, 

Dana's System of Mineralogy. Large 8vo, half leather. 

First Appendix to Dana's New "System of Mineralogy.".... Large 8vo, 

Text-book of Mineralogy 8vo, 

Minerals and How to Study Them zamo. 

Catalogue of American Localities of Minerals Large 8vo, 

Mamial of Mineralogy and Petrography i2mo, 

Bakle's Mineral Tables. 8vo, 

Bgleston's Catalogue of Ifinerals and Synonyms 8yo, 

Hussak's The Determination of Rock-forming Minerals. (Smith.) Small 8vo, 

Merrill's Non-metallic Minerals: Their Occurrence and Uses 8vo, 

« Penfield's Notes on Determinative Mineralogy and Record of Mineral Tests. 

8vo, paper, 

Rotenbusch's Microscopical Physiography of the Rock-making Minerals. 

(Iddings.) 8vo, 

* Tillman's Text-book of Important Minerals and Docks 8vo, 

Williams's Manual of Lithology 8vo, 

MINING. 

Beard's Ventilation of Mines zamo, 2 50 

Boyd's Resources of Southwest Virginia 8vo, 3 00 

Map of Southwest Virginia Pocket-book form, 2 00 

* Drinker's Tunneling, Explosive Compounds, and Rock Drills. 

4to, half morocco, 25 00 

Eissler's Modem High Explosives 8vo, 4 00 

Fowler's Sewage Works Analyses X2mo, 2 00 

Goodyear's Coal-mines of the Western Coast of the United States z2mo, 2 50 

Ihlseng's Mantiwl of Mining 8vo, 4 00 

** Ues's Lead-smelting. (Postage 9c. additionaL) z2mo, 2 50 

Kunhardt's Practice of Ore Dressing in Europe 8vo, z 50 

O'Driscoll's Notes on the Treatment of Gold Ores 8vo, 2 00 

* Walke's Lectures on Explosives 8vo, 4 00 

Wilson's Cyanide Processes z2mo, z 50 

Chlorination Process z2mo, z 50 

Hydraulic and Placer Mining z2mo, 2 00 

Treatise on Practical and Theoretical Mine Ventilation Z2mo z 25 

SANITARY SCIENCE. 

Copeland's Manual of Bacteriology. (In preparation.^ 

FolweWs Sewerage. (Designing, Construction asid lfiaixi\fcTi»s«:'^'^ .%^^x •*» ^^ 

Water-supply Engineering '^^^^ '^ ^^ 

Foertes'a Water and PubUc Health ^^^' ^^ 

Water-ilte»tioa Works ^^ 
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Ovrlurd's Gtiide tn StniUiT Hoiti#-ias^«ti<m , , . ifimo, 

C«odridi*8 Bci»aomicEJ DispowLl of Town's Refuse Demy 8va, s So ^ 

H&2ea's Ftltratioo of Public WAter-Bupplies ,.,,.,..,,,...... 8to , 3 <»o 

Jdentcd's SewAgfi Dlaposal^ . , . » ♦ * ^ * . , ^ * . , » » * , * , xamo, i as 1 

L«Acli*E The Inspection auiJ Azuilyiu of Food with Special Itef fireaee to State 

Controt {In pr*porafwn.) 
Mason*! Water-rupplr. (Considered Principailr from a Sanitary Stand- 

poiot.) 3d Edition, Rewrittea * * * * , , . * ^ . * * * Svo, 4 00 ^ 

Exftfliiiiatioii of Water. {Chemical and BacterlolO|ficaL)» .lamo^ i 35 

Merrimaa's Element of Saaitajj Enffiaeermg . . . * 8to, 1 00 

Jlkbols'a Water^upplf^ ( Considered Hainlj from a Cbemical aiJd Sanitary 

Standpoiat.) ( i88j,). , , . , , * , «... S-vo. 3 50 

Ogden's Sewer Deiien. ,...,.-.,»...,,...,»,.,,»..*.^^». .,*.._,_ i amo* 2 00 
Piescott und WinsJow's Elements of Watef Bacteriology »witb Special Reference 

to Sanitary Water Aiii!Liysi& . * . ♦*.,.*.. .,......,. lamoj 1 JS 

* Price's Handbook on Sanitation. »..«....., .....*« lamoi i 50 

Eiebaf dB's Coit of Food. A Study Id Dietariee ..»«.....«,....«..,.. 1 3mo, i o« 

Cost of Lminz as Modified by Sanitary Science ...,...., 1 2ii]o, 1 00 

Richardt and Woodman's Aii, Water, and Food from a Sanitaiy Stand-^ 

point ...**,....... ,,,..,.,,,».,, *..,,.., Sto, 3 00 

• Richards and WiUJaina'i The Dietary Computer. ...,.,,,,*,, Svo» x 50 

Ridears Sewage and Bacterial PurificatioQ of Sewage ..... ^ .......... . .fivo, 3 ^ 

TumeaiiTe and Russell's Pubhc Water-supplies. ...... ^ . ^ ^ 8 vq« 5 oo 

Whipple's Microscopy of Drinking-water. . Bvo, 3 50 

Wo<Mihul]'s Notes and Military Hjpene. , iCicio, 1 50 

MlSCELLAlfEOUS. 

Buker's Deep-sea Sotindings ....*........... ..................... Bto, ^ 00 

Sxnmons^s Geolo^cal Guide-book of the Rocky Moontain Exciutioii of the 

IstemationaJ Congress of Geoloeists « . Large Svo i 50 

Ferrers Popular Treatise on the Winds, ........................... r . Svo 4 00 

Halnes*8 American RaUway Management. lamo, 3 50 

Mott'i Composition ,'Dlgestibliity« and Nutritive Value of Food. Hoiinted chnrt. i 15 

Fallacy of the Present Theory of Sound ..*..* i6mo i 00 

Bjcketts's History of Eensseiaer Polytechnic Institutei rS34-rS94. Small Sto, 3 00 

Rotberham's i^OiphasisEed New Testameat. .,,,,.4.^.,,,.,.... .lArge Svo* 2 00 

dt«el*B Treatise on the Diseases of the Dog ,...,«.,.«,««..,•, Sto, j 50 

Totten^s Importsnt Question in Metrology .....,,,«.,. ^ ...«. &vo ^ 50 

The World's Columbian Eipoaitioa ot tSga , . » 4to» t 00 

Worcester and Atkinson. Small Hospitals^ Establishment and Maintenance^ 
and Suggestions for Hospital Arciutecture, with Plans for a Small 

Hofpitai. .... ^ ,,..« 4 ..«,..*.......«.........,.....,... . i3moT i as 

HEBREW AHD CHALBEE TEXT-BOOKS. 

Qfeen's Grammar of the Hebrew Language ,....,..,.. Svo, 

Elementary Hebrew Granimar . ........,.«.*,...«..*.......... zam<k, 

Hebrew Chreatomathy . .....-.............-..,,,»...*...., Svo* 

Sesenius's Hebrew and Chaldee Lexicon to the Old Testament Scriptures. 
(Tregellea.) . .,.....«•.«...».......... . Sisall 4tD, half morocco^ 

Letteris'i Hebfew Bible. ...,, ^ ,• + «*.........<*•.«•*.«.....*. ^ ««.#. . Sto, 



^^ 




